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SUMMARY 
The non-histone chromatin proteins are the focus of 
Intense research because of their putative roles both In 
the specific control of gene transcription and In the 
structure of chromatin. 	Studies on these molecules 
have been hampered by difficulties In the isolation and 
characterisation of this heterogeneous mixture of proteins. 
A high resolution two-dimensional polyacrylamide gel 
electrophoresis system has been established for the analysis 
of the non-histone chromatin proteins (NHCP). 	This 
involves a separation on a charge basis In an isoelectric 
focusing rod gel followed by a separation on a molecular 
weight basis in a sodium dodecyl sulphate polyacrylamide 
slab gel. 	Using this sytem the NHCP of mouse liver have 
been resolved into above one hundred discrete protein 
spots in a reproducible manner. 	The NHCP of mouse cells 
in culture have also been examined by labelling of cells 
with 35S-methlonine and subsequent fluorography of gels. 
This two-dimensional analysis has been used in the 
examination of some current problems In NHCP research. 
The relationship between the NHCP and the nucleoplasmic 
proteins of the nucleus has been investigated. 	It Is 
concluded that differences between these protein classes 
are quantitative in nature with few qualitative differences. 
Chromatin has been fractionated into transcriptionally 
active and inactive portions by a Dt4ase II and salt-
precipitation method. 	The NHCP of inactive chromatin 
resemble those of whole chromatin. 	Active chromatin Is 
found to be enriched for specific NHCP and depleted in 
histones. 	Finally a study of the proteins of nuclear 
ribonucleoprotein complexes has been carried out. 	While 
enriched for specific proteins, these complexes contain 
proteins also found in chromatin. 	The significance 
of these findings In relation to theories on the roles 
which NHCP play In chromatin Is discussed. 
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Chromatin Is defined as the interphase form of 
chromosomes; thus the terms chromatin and chromosomes 
define the same material at different stages of the cell 
cycle. 	While various methods of isolation yield chromatin 
of widely differing compositions, it Is now generally 
accepted that the constituents of chromatin are DNA, its 
associated proteins - the histones and non-histone 
chromatin proteins, RNA and some lipid. 	In order to 
place the non-histone chromatin proteins In context, a 
brief description of the nature of the other components 
of chromatin is presented before a fuller discussion of 
these molecules. 
D NA 
The eukaryotic cell nucleus contains large amounts 
of DNA. 	The haploid mouse genome, for example, contains 
2.8 picograms (1.8 x 10 
12 
 daitons) of DNA (Laird, 1971). 
Evidence from known rates of mutation and evolution 
suggest that this large amount of DNA is far in excess 
of that required for genes whose nucleotide sequences 
code for proteins (Ohta and Kimura, 1971; Ohno, 1972). 
Much of this apparent large excess of DNA may be 
utilised in structural and regulatory functions. 	DNA 
may be required both for the packaging of chromatin into 
the nucleus and in the organisation of chromosomes; the 
role of chromatin proteins in these processes will be 
discussed In a later section on the structure of chromatin 
and chromosomes. 	Control sequences of DNA may mediate 
the specific control of eukaryotic gene transcription. 
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Although each cell of an organism contains the same 
genetic information, i.e. the same sequences of DNA, 
differentiated cells use different subsets of this 
genetic information by transcription of specific sub-
sets of sequences of DNA. 	It is undoubtedly the 
possible involvement of the non-histone chromatin pro-
teins In this process which has stimulated interest in 
these molecules. 	A later section of this introduction 
will discuss some of the evidence supporting the hypo-
thesis that the non-histone chromatin proteins effect 
the specific control of gene transcription. 
R NA 
Chromatin has been known for many years to contain 
RNA as well as DNA and protein. 	The amount of RNA found 
in chromatin is dependent on both the source tissue or 
cell type and the chromatin preparation method. 	The 
ratio Of  RNA to DNA can vary from 0.04 - 0.18 depending 
on these factors (Busch et al., 1975). 
Much of this RIM may reflect the products of trans-
cription i.e. nascent RNA chains associated with the 
DNA template. 	When chromatin is prepared under conditions 
of low ionic strength and minimal shear, at least 80% of 
the newly synthesised RNA is associated with chromatin 
( Kimmel, Sessions and MacLeod, 1976). 	These workers 
present further evidence to suggest that this association 
Is not the result of non-specific binding during chromatin 
preparation. 	The chromatin-associated RNA may include 
immediately post-transcriptional precursor ribosomal RNA 
and heterogeneous nuclear RNA. 	Such RNAs are themselves 
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associated with proteins but these will be discussed in 
the Results and Discussion section (Chapter III, Section 3). 
I ipid 
The lipid content of chromatin also varies with the 
preparation method used. 	Chromatin prepared from whole 
cells contains more lipid than that prepared from Isolated 
nuclei, detergent treatment of nuclei reduces the lipid 
content still further (Tata, Hamilton and Cole, 1972). 
Although this lipid Is commonly regarded as a membrane 
contaminant of chromatin, some workers have presented 
evidence suggesting a physical attachment of the DNA in 
chromatin to the nuclear membrane (see Franke et al., 1973). 
Chromatin Proteins 
The proteins of chromatin have been divided into two 
groups on the basis of their acid-solubility - the histones 
and the non-histone chromatin proteins. 	The basic 
nature of the histones renders these proteins easily 
solubilised from chromatin by dilute mineral acids; the 
proteins left behind have variously been termed the resi-
dual chromatin proteins, the acidic chromatin proteins or 
the non-histone chromatin proteins. 	In this thesis the 
term non-histone chromatin proteins Is used to designate 
all the proteins associated with chromatin which are not 
h istones. 
H istones 
The histones consist of five main classes of low 
molecular weight proteins which are enriched in the basic 
amino acids arginine and lysine. 	In general they are 
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found In all eukaryotic cells In a ratio of 1:1 by weight 
with DNA. 	The five histone classes show considerable 
homogeneity throughout species, histone Hi alone showing 
a moderate degree of tissue and species specificity. 
Thus suggestions that these molecules might serve as 
specific repressors of gene transcription would now seem 
unlikely to be correct. 	The high conservation of the 
amino acid sequences of the histones throughout evolution 
suggests that they may play a structural role in chromatin. 
Further discussion of this topic will be presented later 
in this introduction. 
Non-Histone Chromatin Proteins (NHCP) 
Isolation 
The non-histone chromatin proteins (NHCP) are now most 
often Isolated from chromatin which has been prepared from 
purified nuclei. 	The Initial isolation of highly purified 
nuclei serves not only to remove cytoplasmic lysosomes 
with their high concentrations of degradative enzymes but 
is also important In reducing the problem of contamination 
of chromatin preparations with cytoplasmic elements. 
Up to 60% of the proteins associated with chromatin pre-
pared from whole cells by repeated extraction with 0.14M 
NaCl are of cytoplasmic origin (Johns and Forrester, 1969). 
Using 35S-labelled cytoplasmic preparations It has been 
estimated that 30% of the NHCP prepared from the chromatin 
of whole sea urchin embryos are derived from the cytoplasm 
(Hill, Poccia and Doty, 1971). 	This result was confirmed 
by immunological studies (Sevaijevic, 1973). 	Further 
experiments in which extraneous labelled cytoplasm was 
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added during chromatin preparation revealed that chromatin 
prepared from Isolated nuclei contained under 5% con-
tamination by cytoplasmic proteins (Bhorjee and Pederson, 
1972; Karn et al., 1974). 	Thus it seems that the 
rupturing of nuclei in the presence of cytoplasm can lead 
to serious artefactual binding of cytoplasmic proteins 
to chromatin. 	Indeed experiments In which extraneous 
labelled cytoplasm is added during chromatin preparation 
may underestimate cytoplasmic contamination since homologous 
non-labelled cytoplasmic proteins may bind as contaminants 
to chromatin before extraneous labelled cytoplasmic pro-
teins can do so. 
In a comparative study It was found that chromatin 
from whole tissues is more contaminated with cytoplasmic 
membrane material and contains significantly higher levels 
of protease activity than chromatin prepared from purified 
nuclei. 	Purified nuclei washed with Triton X-lOO are 
the least contaminated as Judged both from phospholipid 
analysis and the activities of marker enzymes (Tata. 
Hamilton and cole, 1972). 	It has been claimed that 
although Triton X-100 removes much of the nuclear membrane 
lipid,, most of the nuclear membrane protein is not 
removed and is subsequently isolated with NHCP (Jackson, 
1976). 	This work was carried out using avian erythrocyte 
chromatin which contains little NHCP thus making 
recognition of contamination more easy; the extent of 
possible membrane protein contamination in chromatins 
of tissues containing larger amounts of HHCP is difficult 
to estimate. 	Some workers (see Franke et al., 1973) 
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have argued that chromatin Is Intimately associated with 
the nuclear membrane and may share common elements with 
it - making the distinction between contamination and 
true in vivo association difficult. 	To compound the 
problem NHCP are thought to be synthesised In the cyto-
plasm prior to their transport to the nucleus (Stein and 
Baserga, 1971) while cytoplasmic proteins are known to 
migrate into the nucleus after hormone stimulation 
(O'Malley, loft and Sherman, 1971). 	It is therefore 
probable that some NHCP will be common to both nucleus 
and cytoplasm. 
IacG1llivray et al. (1972) showed that the method 
of Isolation of nuclei not only affects the chemical 
analysis of chromatin but also causes considerable 
variation In the composition of NHCP. 	Nuclei purified 
in citric acid retained more high molecular weight NHCP 
than nuclei prepared In sucrose. 	Treatment of nuclei 
prepared In sucrose with Triton X-lOO removed only a few 
low molecular weight NHCP, while the double-detergent 
procedure of Penman (1966) yielded nuclei whose chromatin 
was generally depleted of protein. 
Variation In nuclear isolation produces changes 
in NHCP composition as does variation In the method of 
chromatin preparation from the isolated nuclei. 	The 
different methods used In the preparation of chromatins 
from nuclei result in chromatins with characteristic 
chemical compositions (Busch et al., 1975) and template 
properties during transcription In vitro (de Pomeral, 
Chesterton and Butterworth, 1974). 	Included in these 
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methods are saline-EDTA extraction (Zubay and Doty, 1959), 
tris-saline extraction (MacGillivray et al., 1972) or a 
combination of both (Rickwood and Blrnie, 1976). 
In turn NHCP may be isolated from chromatin by a 
variety of methods - most of which fall into one of two 
main classes. 	The first of these requires the initial 
removal of histones from chromatin by dilute acid such as 
0.25M HCl or 0.2tt H 2 SO 4 . 	After this step many methods 
have been used to separate the residual DNA and NHCP. 
Dehistonised chromatin has been dissolved in sodium 
dodecyl sulphate (SDS) solutions and the DNA removed by 
ultracentrifugation (Elgin and Bonner, 1970). 	Acid- 
extracted chromatin has been digested with DNase I and 
the NHCP precipitated with perchloric acid (Wilson and 
Spelsberg, 1973). 	Both these procedures yielded high 
recoveries of NHCP. 	Other workers have chosen to 
prepare selective fractions of the NHCP from dehistonised 
chromatin. 	Extraction by phenol may remove a variable 
amount of NHCP dependent on the exact method used (see 
MacGillivray, 1976), but Is widely used in the preparation 
of phosphorylated NHCP. 	An important reservation to 
these techniques is that exposure of chromatin proteins 
to extremes of pH may cause extensive modifications to 
these proteins (Chen et al., 1974). 
A second approach, which avoids extremes of pH, 
has been widely adopted in the preparation of NHCP from 
chromatin. 	This approach requires the initial solublilsation 
and dissociation of chromatin, which has been achieved 
in several ways. 	Among the first of these was the 
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dissociation of chromatin in solutions of high ionic 
strength (1 - 2M NaCl). 	The DNA and histones could then 
be co-precipitated by a reduction in the salt concen- 
tration to 0.14M (tang, 1967). 	The components of 
sheared and salt-dissociated chromatin could also be 
separated by a combination of gel filtration and ion-
exchange chromatography (Graziano and Huang, 1971). 
Similar separation procedures using guanidine hydro-
chloride to assist in the dissociation of chromatin 
have also been attempted (Hill, Poccia and Doty, 1971). 
SM urea - 2M NaCl dissociated chromatin has been fractionated 
by a one-step hydroxyapatite column chromatography method 
to yield NHCP fractions (HacGillivray et al., 1972). 
Other groups have used various concentrations of salt 
(guanidine HC1 as well as NaCl) and urea to dissociate 
chromatin followed by various combinations of methods 
(centrifugation, ion-exchange chromatography, gel filtration) 
to separate the chromatin components. 	An excellent 
account of such methods Is given by MacGillivray (1976). 
A general drawback to many of these procedures Is the 
lengthy chromatography centrifugation and dialysis steps 
involved during which the prevention of proteolysis Is 
essential 
With the above discussion in mind, the criteria for 
an idealised NHCP isolation method can be designated. 
The ideal method should recover all those NHCP which 
are associated with chromatin in vivo and exclude any 
cytoplasmic protein contamination. 	No proteolysis or 
modification of the NHCP should take place during their 
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Isolation. 	Tinless a specific fraction of the 1HCP is 
required, the final recovery of 1HCP should be total in 
order that subsequent analysis would yield results repre-
sentative of the total NHCP. 	Such an Idealised procedure 
Is probably unattainable in absolute terris but oractical 
Isolation methods should atteript, as far is possible, 
to satisfy these criteria. 
Characterisation 
Amino acid analyses of the IIHCP isolated by the 
above techniques confirm the overall acidic nature of 
these molecules, the ratio of acidic to basic amino acid 
residues being in the range 1.2 - 1.9. 	Thus the NHCP 
are enriched in the amino acids aspartic and glutamic 
acid. 	The I!HCP also contain trytophan (Augenlicht 
and Baserga, 1973; Chaudhuri, 1Q73), an amino acid 
which is absent in histones. 	Other IHCP components 
show high amounts of both acidic and basic residues 
(Goodwin and Johns, 1973) while a NIICP which shows 
extensive sequence homology with histone 2A has recently 
been described (Goldknopf and Busch, 1975). 	This pro- 
tein has been shown to be a conjugate protein containing 
an isopeptide linkage between non-histone and histone 2A 
polypeptides (Goldknopf and Busch, 1077). 
The technique In universal use for the characterisation 
of NHCP Is that of polyacrylamide gel electrophoresis. 
Initial separation attempts in non-detergent polyacrylamide 
gel electrophoresis systems utilised a variety of conditions 
including extremes of pH and the addition of urea (e.g. 
Hill, Poccia and Doty, 1971; !enjanin and Gelihorn, 1968). 
However aggregation of NHCP led to a significant proportion of 
NHCP being deposited as It entered the gel. 	To overcome this 
difficulty most workers resorted to electrophoresis in the 
p-esence of the ionic detergent SDS. 	This technique separates 
proteins on a molecular weight basis since proteins bind 
similar amounts of negatively-charged detergent per unit mass. 
A wide variety of buffers, acrylamide concentrations, reducing 
and denaturing agents have been used for the analysis of NHCP 
in this system. 
A few groups have also attempted to analyse the NHCP by 
Isoelectric focusing (Sevalievic and Stamenkovic, 1972; Elgin 
and Bonner, 1972; Arnold and Young, 1972). 	Proteins are 
separated on a charge basis by this technique. 	Under the 
Influence of an applied current a pH gradient is established by 
small carrier ampholytes in a polyacrylamide gel, the proteins 
migrating through this gradient until reaching their Isoelectric 
point. 
One-dimensional polyacrylamide gel electrophoresis by these 
techniques, while greatly advancing the analysis of the NHCP, has 
not proved totally satisfactory. One protein band may represent 
several polypeptides of similar molecular weight or Isoelectric 
point. Another drawback is often the high background underlying 
the separation of Individual protein bands. 	This background may 
represent minor species of proteins as well as overlapping 
of protein bands. 	In order to overcome these problems some 
workers have advanced to electrophoresis in two dimensions. 
Two-dimensional polyacrylamide gel electrophoresis is 
usually accomplished by the initial separation of the 
proteins In a rod gel followed by a second separation 
achieved by placing the rod gel on top of a slab gel. 
Different systems are used in each dimension to give 
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different separations. 	One approach has been to separate 
the NHCP In an acid-urea gel In the first dimension 
followed by electrophoresis in SOS In the second dimension 
(Yeoman et al., 1973). 	Roth electrophoretic procedures 
separate the proteins Jargely on a molecular weight 
basis and hence the polypeptide spots are restricted to 
a diagonal area running across the slab gel. 	This method 
thus represents only a slight improvement on one-dimensional 
techniques. 	A sinilar approach has been the adaptation 
of the Kaltschmidt two-dimensional electrophoresis system 
(originally developed for ribosomal proteins) in the 
examination of DNA-binding proteins (Jost, Lennox and 
Harris, 1975). 
A more useful method has been the separation of 
P41ICP on a different basis In each dimension. 	This is 
most easily achieved by a first-dimension separation on 
a charge basis in an isoelectric focusing rod gel followed 
by a second dimension separation on a molecular weight 
basis In a SOS polyacrylamide slab gel. 	Several groups 
have used variations on this theme in the analysis of 
NHCP (acGillivray and Rlckwood, 1974; Barret and Gould, 
1973; Jackowski, Suria and Liew, 1976). 
The UHCP characterised by both one- and two-dimensional 
systems have been revealed as highly heterogeneous with 
a wide spectrum of molecular weights and Isoelectric 
points. 	A range of molecular weight values within 
5 9 000 - 200,000 is generally accepted (Elgin and Bonner, 
1970; llacGillivray et a]., 1972; Le Stourgeon and Rusch, 
1973; Wu, Elgin and Hood, 1973). 	Several groups 
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consider the 'mCP to have a range of isoelectric points 
fran p113 - "1 	(cva1jevic and 'tanenkovic, 1972; 
Elgin and !onner, 1972; Arnold and Young, 1972; 'lacGflllvray 
and Rickwood, 1974) while others consider the majority of 
these proteins to have pis within the range of pH4 - 
(flarret and Could, 1973; Lea, Ioch and 9orris, 1275 ; 
r.horjne and Pederson, 1.7a; Peterson and McConkey, 1976). 
Polyacrylanide gel electrophoresis techniques have 
thus provided much valuable information on the NHCP and 
are still being refined to provide improved analyses 
of this heteroaeneous mixture of proteins. 	The major 
species of NHCP are confined to relatively narrow molecular 
weight and isoelectric point ranges and hence two dimensional 
techniques, in ''hich the proteins are separated by two 
different criteria, hold the greatest potential value. 
Essential to such techniques are high resolution (by 
which modifications In ??MCP may he detected) and good 
reproducibility. 	Recently fl'Farrel 	(1975) has described 
a two-dimensional (isoelectric focusing and SOS) poly-
acrylamide gel system capable of very high resolution 
of Fscherichia coil proteins in a repro'cb1e manner. 
By this system he was able to resolve 1,100 different 
protein components and to detect proteins differing in 
a single charge. 	The application of this system to the 
analysis of the NHCP will form a major part of the work 
described in this thesis. 
FIHCP-Synthesis and Metabolism 
Research has been carried out into the synthesis and 
metabolism of chromatin proteins not only out of interest 
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in these processes per se but also in the expectation that 
such research would give further insight Into the roles 
of these proteins in chromatin structure and gene trans-
cription. 	It has been recognised for some time that the 
synthesis of histones is restricted to the S phase of the 
cell cycle and is coupled to the replication of DNA,, 
being inhibited when DNA replication is inhibited (Spalding, 
Kajiwara and Mueller, 1966; Robbins and Borun, 1967). 
In contrast IftICP synthesis has been demonstrated to 
continue throughout the cell cycle (L3orun and Stein, 1972). 
Inhibitors of DNA replication such as cytosine arabinoside 
and hydrozyurea do not reduce the rate of Incorporation 
of labelled amino acids Into NHCP during S phase (Stein 
and Borun, 1972). 	Variations in the rate of NhCP synthesis 
do occur throughout the cell cycle and, on the basis of 
a significant increase in the synthesis of NHCP during the 
prereplicative 61 phase of the cell cycle, it has been 
postulated that there is indeed a link between DNA replication 
and NHCP synthesis (Gerner, Meyn and Humphrey, 1976). 
Increased rates of synthesis of NHCP during the 62 as well 
as the GI phase of the cell cycle have also been observed 
(Borun and Stein, 1972). 
It is possible that the synthesis of IHCP may, in 
part, be regulated at the translational level. 	In 
quiescent cells stimulated to proliferate, treatment wit h 
Actinomycin D, which completely blocks mRA synthesis, has 
been found ineffective in reducing the increased rate of 
NHCP synthesis which occurs during 61, while synthesis of 
these proteins In later stages of the cell cycle Is sensitive 
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to this treatment (Stein and Baserga, 1970). 	Thus it seems 
that the Initial synthesis of NHCP in cells stimulated 
to proliferate occurs from preformed stable mRNA species. 
The rate of turnover of the NI1CP is more controversial. 
A high rate of turnover has been ascribed to these proteins 
by some workers (Borun and Stein, 1972; Tsanev, Djonjurov 
and Ivanova, 1974). 	On the other hand, Seale (1975) 
found the majority of the NHCP as metabolically stable 
as the histones and DNA, while not excluding the possibility 
of more rapid turnover of a subpopulation of NHCP. 	It 
is likely that differences in the protocols of the pulse-
label and chase experiments of these workers may account 
for the differing conclusions reached. 
The FUICP, in common with the histones, are subject 
to post-synthetic modifications. 	Many of the NIJCP are 
known to be phosphorylated and evidence has been accumulated 
linking non-histone chromatin phosphoproteins with the 
control of gene transcription (see later and Kleinsmith, 
1975). 	The extent of other modifications, such as 
methylatlon and acetylatlon, is largely undetermined. 
The evidence on the synthesis of histones points 
clearly to a structural association of these proteins 
with DNA. 	No such intimation can be easily drawn from 
the accumulated evidence on the synthesis of NHCP - possibly 
reflecting multiple roles for this class of proteins 
in chromatin. 
NHCP and the Control of Gene Transcription 
In prokaryotes the topic of control of gene transcription 
has proved amenable to combinations of biochemical and 
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genetical analyses. 	It Is well established that many 
genes in these organisms are clustered into operons to 
facilitate their co-ordinate transcription. 	In the 
lactose operon of E.coll a specific repressor protein 
can be isolated which regulates DNA transcription by 
binding to a specific site on the bacterial DNA (Gilbert 
and Mueller-Hill, 1966). 	Although a direct analogy 
is untenable because there is no evidence for clustering 
of genes in eukaryotic organfsmsi1th the exception of histone gene 
the 
karyoticmodel can provide a base from which research into eukaryotic 
gene transcription may be viewed. 	The DIA of eukaryotic 
chromatin is complexed with proteins - with the prokaryotic 
model in mind, the search for control elements in chromatin 
has been focused on these proteins - the histones and the 
N UP. 
The five major classes of histones are highly 
conserved throughout evolution, showing little tissue or 
species specificity. 	These molecules are therefore now 
considered unlikely to serve as the specific control elements 
in gene transcription (see Spelsberg, 1972 for a review). 
The histones, hewever, do play a fundamental role in the 
basic subunit structure of chromatin (see later) and 
have been shown to inhibit the ability of DNA to serve 
as a template for RNA synthesis in vitro (Huang and 
Bonner, 1962; Alifrey, Littau and Mirsky, 1963). 
Experiments have also been carried out to determine 
the effect of the NHCP on transcription in vitro. The 
binding of rat liver chromatin acidic proteins to liver 
DNA resulted in a stimulation of template activity for 
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fl'A polynerase as compared to DNA alone.(Teng, Teng and 
Alifrey, 1971; Shea and Kleinsnith, 1973). 	Loosely- 
bound NUCP (prepared by extraction of chromatin with 
0.35M'NaCl) from Ehrlich Ascites Tumour cells contain 
a fraction that specifically binds to Ehrlich Ascites 
Tumour DNA and exhibits a template- and RNA polymerase-
specific enhancing effect on transcription from DNA 
(Kostraba, Montagna and Wang, 1975). 	In the same 
system the preparation of a '1HCP which binds to DNA and 
inhibits transcription of !)NA in vitro by the homologous 
RNA polymerase has been described (Kostraba and Wang, 
1975). 	Thus both positive and negative effectors of 
in vitro transcription of DNA have been isolated. 
The first experiments to suggest that the NHCP 
might effect the specific control of gene transcription 
were those of Paul and Gilmour (1968; Gilmour and Paul, 
1969 s 1970) 	Chromatins of rabbit organs were fractionated 
into DNA, histones and NHCP and reconstituted with 
homologous and heterologous NHCP components (Gilmour and 
Paul, 1970). 	The chroniatins were then transcribed by 
E.coli RNA po1yierase and the nucleotide sequences of the 
transcribed 	A examined by the hybridisation tests then 
available. 	By these techniques only those RNA sequences 
transcribed from highly re-iterated DNA could be examined; 
these RNA sequences do not appear to be present in the cyto- 
plasm mRUA population of the cell in vivo. 	'everthe1ess 
these experiments did show that a substantial proportion 
of the RNA sequences transcribed from highly-reiterated 
DNA in vitro is organ-specific and that the NHCP in some 
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way determine the specificity of transcription. 
With the discovery of viral reverse transcriptase 
(RNA-dependent DNA polyrnerase) it became possible to 
synthesise a complementary DNA to a purified nRHA and 
to use this as an extremely sensitive probe to measure 
the concentration of sequences specific to that mRNA 
in chromatin transcripts. 	Chromatin Isolated from 
erythropoietic tissues, but not from other tissues, 
was shown to he capable of serving as a template for 
the synthesis of globin-specific sequences in vitro 
(Gilmour and Paul, 1973; Axel, Cedar and Felsenfeld, 
1973; Barret et a)., 1974). 	econstitutlon experiments 
of the type described above were then repeated using cDNA 
as a probe or globin :if to detect tr:;cr iption of th 
g lobi n   	t 
MHCP from erythropoietic tissues are specifically 
required for the expression of globin genes.(Paui et a)., 
1973; 	Barret et al.. 1974). 
Similar experiments have been carried out in cthr 
systems. 	Iflstone mRNA is synthesised only in S phase of 
the cell cycle and using a cDNA probe to histone rnRFJ\ it 
was shown that only chromatin reconstituted with S-phase 
NHCP synthesised histone rnflhA - chromatin reconstituted 
with G1 UHCP did not (Park et al., 1976). 	Tsai et al., 
(1976) using the ovalbumin gene system showed that the 
NUCP of chromatin prepared from chick oviduct stimulated 
Ly oestrogen are capable of specifically inducing the 
transcription of the ovalbumin gene in cl4roriatin from chick 
oviduct which had been stimulated and then withdrawn from 
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hormone treatment. 
While these demonstrations in different systems by 
several groups strongly indicate a role for the ¶IHCP 
in the specific control of gene transcription, several 
technical details complicate the interpretation of the 
results of these experiments. 	The fidelity of trans- 
cription by exogeneous C.coli R1A polynerase is uncertain 
as Is the fidelity of the reconstitution process Itself. 
Contamination by endogenous mRNA sequences has proved a 
problem - in this respect the preparation of RNA-free 
NHCP is essential. 
Further evidence linking the TIHCP with the specific 
control of gene transcription Is of a more correlative, 
less direct, nature. 	Changes in the polyacrylamide 
gel electrophoresis patterns of the UHCP have been observed 
in normal and abnormal growth (see Baserga, 1974 for a 
review of this topic); after virus transformation (Krause,, 
Kleinsmith and Stein, 1975; Gonzalez and Rees, 1976) 
a 	ti riu ie 	 u n ( 	.iu iu r.ia a 	u 	i 	j, 	7 • ; 
L li htt uflu i1l1 I iUu, 	 ; 	Hemni I nki ,1 976a ) ; 	Lir'i.qout 
embryonic development (Poccia and I1lnegarirler, 1975) 
and differentiation of one cell type (Ruiz-Carrillo et a1., 
1974). 	It should be stressed, however, that it IS 
important to distinguish between those changes in I1HCP 
which may represent the cause of specific gene transcription 
(e.g. the synthesis of regulatory molecules) and those 
which may represent its effects. 	Thus changes in the 
polyacrylamide gel pattern of chromatin proteins after 
changes in gene transcription may reflect increased amounts 
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of those proteins which both bind to the nascent R!IA and 
co-isolate with the 1IUCP (e.g. Pederson, 1974). 	In 
this respect characterisation of the proteins of nuclear 
ribonuclooprotein particles is essential. 	The actual 
changes In the population of NFICP effecting the specific 
control of gene transcription may also be below the level 
of resolution of the polyacrylariide gel systems at present 
used in the analysis of rfflCP. 
The specific control of gene transcription could also 
be effected by modifications to pre-existing NUCP 
rather than new or increased synthesis of 14HCP. 	Several 
lines of evidence suggest that non-hstone chromatin phos-
phoproteins nay play an Important role in the control of 
gene transcription. 	7he3e )ronis, 1ii the total NHCP, 
are heterogeneous and are thought to be tissue-specific.  
They have been correlated with changes In gene activity 
I n many instances (see Klelnsmlth, 173 For a surac3ary). 
A purified UHCP phosphatase(showing no proteolytic 
activity) has been used to selectively dephosphoryLtu 
these proteins prior to cromatin reconstitution (Iieinsm1th, 
Stein and Stein, 197). 	Ling proteins and rfl1A obtained 
from HeLa cell chromatin prepared from synchronised S-phase 
cells, it was found that dephosphorylation of the 1,4HCP 
resulted in approximately a 5% reduction In the number 
of template sites available for the initiation of transcription. 
In addition, using a cD4A probe to histone m1iA, it was 
shown that dephosphorylation of 	4C' speci7ically inhibited 
the ability of t:ie hlstone genes to be transcribed. 	Thus 
phosphorylatlun of UCP was directly implicated in the 
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control of gene transcription. 
As a result of th accumulated nass of evidence of 
this nature, the highly heterogeneous nixure of proteins 
known as the HCP are thought by many workers to contain 
elements which effect the specific control of gene 
transcription. 
HCP and Chromatin Structure 
It is now well established from both nuclease 
digestion and electron microscopy studies that the basic 
subunit of chromatin is the nucleosome (for a review, 
see Elgin and Weintraub, 1975'). 	The nucleosome consists 
of about 200 base pairs of DNA and 1 pair ach of 
h istone types H2A, H2R, 113 and 114. 	The eight histone 
molecules form an octaner, or possibly two tetramers, 
around which the DNA is wound. 	It seems that about 140 
base pairs of DNA are closely associated with the histone 
core to form the core particle, while the remaininci 60 
base pairs are less closely associated, sonc of this DNA 
forninq the 'strinq' which joins the 'heds' or nucleosones. 
The remaining hfstone, histone Hi, is thought to he 
associated with this internucleosonal DNA. 	The exact 
1 enqths of DNA In the core and string may vary from 
organism to organism as well as in different transcriptional 
states of the chromatin of any one ornanlsn. 
With regard to this basic hackoround of chromatin 
structure, very little evidence has been nathered as to 
the involvenent of the NHCP. 	The isolated chromatin 
monomer (i.e. sincile nucleosomes) of chicken erythrocyte 
chromatin contains only histones (Oudet, Cross-3ellard and 
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Chambon, 1975) but this material, which is depleted of 
histone Hl, initially contains little or no NHCP. 
Using chromatin from a human colon carcinoma cell line, 
a single distinct NHCP of high molecular weight was 
found (In addition to the usual histones) in the monomer 
fraction (Augenlicht and Lipkin, l97). 
Evidence of a more extensive association of NHCP 
with nucleosomes has been presented. 	Chromatin can 
be fragmented both by shearing and by micrococcal 
nuclease digestion into nucleosome-like bodies which 
are heterogeneous: one protein-rich class containing 
NHCP (Paul and Malcolm, 1976). 	Similarly characterisation 
of subfractions of purified monomeric nucleosomes from 
micrococcal nuclease digests of rat liver nuclei showed 
that, while containing the same size of DNA fragments, 
the subfractions differed in composition of histone 
H3 and several NHCP (Sanders and Hsu, 1977). 	It has also 
been claimed that different groups of NHCP are associated 
with nucleosomes and with the internucleosomal DNA 
(Liew and Chan, 1976). 	Goodwin, Woodhead and Johns (1976) 
have detected by polyacrylamide gel electrophoresis a 
NHCP known as HMG1 (HMG - high mobity group) on Isolated 
nucleosomes. 	HMG1 is known to Interact with histones 
and gives an example of the possible complications which 
may arise In the above experiments, I.e. that association 
of NHCP with Isolated nucleosomes may reflect artefactual 
binding during the Isolation procedure. 	The converse 
may also apply - NHCP may be lost from nucleosomes during 
the isolation procedure. 	The distribution of the enzyme 
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Poly(adenosine-diphosphate-ribose) polymerase after 
nuclease digestion suggests that nucleosomes may lose 
proteins during isolation (Mullins, Girl and Smulson, 
1977). 	This enzyme is a tightly bound chromatin protein 
requiring 1M salt for dissociation. 	After digestion of 
chromatin much of the enzyme's activity is found in 
the non-sedimenting region of the sucrose gradient, the 
remainder being found In oligomers of nucleosomes. 
The eventual acceptors of the ADP-ribosylation are, 
however, the proteins of the nucleosome itself, 
Implying an association of the enzyme with the nucleosome. 
It would seem, therefore, that the association of this 
enzyme with chromatin requires a higher order of structure 
than the nucleosome Itself. 
Evidence as to the possible involvement of NHCP 
in higher order structuring of chromatin is insubstantial. 
Indications that NHCP may be involved at this level of 
chromatin structure come mostly from physical studies. 
Changes In the circular dlchroism (CD) spectra and thermal 
melting profiles of guinea pig liver DNA reassociated 
with histones and/or NHCP from cerebral or liver chromatin 
have been investigated (Tashiro and Kurokawa, 1975a). 
The characteristics of the CD spectrum of native chromatin 
are most satisfactorily reproduced in complexes containing 
NHCP as well as DNA and histones. 	In addition the DNA 
of these complexes is thermally stabilised to an extent 
comparable with the DNA of native chromatin. 	It is 
concluded that although the basic conformation of DNA 
in chromatin is largely determined by histones, the NHCP 
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also play an individual role. 	The pre-melting phenomenon 
in the CO melting curves of DNA and chromatin has also 
been examined (Xavier-Wilhelm, de Murcia and Daune, 1974). 
Chromatin does not show the characteristic pre-melting 
profile of DNA alone, but when the NHCP and the slightly-
lysine-rich histones are dissociated pre-melting Is 
observed. 	The absence of this phenomenon in chromatin 
Is suggested to be a result of Interaction of the NHCP 
and these histones. 
Changes in NHCP content have been linked with 
changes In chromatin conformation. 	The chromatin 
of quiescent WI-38 cells when stimualted to proliferate 
shows a changed NHCP profile (Baserga, 1974) and undergoes 
a conformational change as judged by changes In CD spectra. 
The changes in CD spectra are abolished when chromatin 
is treated with 0.254 NaCl (removing mainly NHCP) but 
can be restored after reconstitution of salt-dissociated 
chromatin, again indicating a role for NHCP in chromatin 
conformation (Nicolini, Ng and Baserga, 1975). 
Further evidence indicating a possible involvement 
of the NHCP in the higher order structuring of chromatin 
and chromosomes comes from cytogenetic observations. 
The N-banding technique has been used to define the location 
of the nucleolus organiser in Xenopus laevis chromosomes 
(Matsui, 1974). 	Chemical extractions demonstrate that 
these N-bands show the typical biochemical properties 
of NHCP while comprising a small portion of the total 
nuclear protein. 	The Nbands show consistent morphology, 
number and size throughout Interphase chromatin and mitotic 
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chromosomes and hence may represent structural NHCP of 
the ribosomal genes. 	A technique of great potential 
value in the analysis of NHCP and chromatin structure is 
that of Silver and Elgin (1976). 	Using immunofluorescent 
methods, these workers were able to band to the chromomere 
level the polytene chromosomes of Drosophila with antisera 
against NHCP. 	This method holds great promise for 
determining the in situ distribution of NHCP. 
On the basis of dansyl-fluorescence of acid-extracted 
mouse metaphase chromosomes it has been suggested that 
particular NHCP are associated with the centromeric 
constitutive heterochromatin of mouse chromosomes (Ilatsukuma 
and Utajoki, 1977). 	When Drosophila somatic nuclei (with 
large amounts of heterochronatin) are compared to the 
polytene chromosomes of salivary glands (with little 
heterochromatin) two NHCP are found to be unique to con- 
stitutive heterochromatin (Elgin et al., 1974). 	In contrast 
Comings et al. (1977) have biochemically isolated the 
condensed chromatin of both mouse and Drosophila virilis 
and found no major NHCP unique to the satellite-rich 
heterochromatin fractions. 
It Is a general finding of studies attempting to 
fractionate chromatin into transcriptionally active and 
inactive fractions that the active fraction is enriched 
for NHCP (e.g. Benjamin and Gellhorn, 1968; Marushige 
and Dixon, 1969; Simpson and Reeck, 1973; Gotte sfeld 
et al., 1974). 	There is some evidence which suggests 
active and inactive chromatin does show physical differences 
in vivo. 	Autoradiographic studies of L11!7urldine-labelled 
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amphibian oocytes have shown that RNA synthesis is 
associated only with the extended fibrils of lampbrush 
chromosomes (Callan. 1969) and is confined to the puffs 
in the polytene chromosomes of insects (Berendes and 
Beerman, 1969). 	Electron microscopy of transcribing 
genes reveals that the length of a transcriptional 
unit (2 - 3p) of ribosomal RNA genes is in close agreement 
with the precursor rRNA molecule synthesised In amphibians 
(Miller and Beatty, 1969). 	Thus the DNA of actively 
transcribing genes may not be packaged into nucleosomes 
as is the bulk of the DNA. 	Some doubt exists as to whether 
these differences are maintained In isolated chromatin. 
A fuller discussion of this topic will be presented In 
Chapter III. 
Other Roles for NHCP In Chromatin 
Contained within the class of nuclear non-histone 
proteins are many nuclear enzymes (see Busch et al., 1975 
for a summary). 	As well as the aforementioned poly(adenosine- 
di-phosphate-ribose) polymerase, these Include enzymes 
Involved in DNA and RNA metabolism and others Involved in the 
various modifications of nuclear proteins. 	Many of these 
enzymes may be Integral components of chromatin, others 
may be only transiently associated with chromatin making 
their definition as NHCP more tentative. 	The relationship 
between the NHCP and the proteins of the nucleoplasm will 
be further discussed in the Results and Discussion 
section, Chapter UT. 	Further research on the enzymic 
activities of the NHCP will require non-denaturing 
preparatory methods for these proteins which are at present 
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subjected to very often severe treatments during their 
purification and characterisation. 
Aims of the Project 
The Initial aim of the project was to establish 
a high resolution polyacrylamide gel system for the 
analysis of the NHCP. 	In this respect It seemed that 
two-dimensional systems in which the proteins were 
separated by two different parameters held great promise. 
It was decided that the system of O'Ferrel (1975), 
In which proteins are initially separated by charge in 
an isoelectric focusing gel and then by molecular weight 
in an SDS-polyacrylamide gel, should be investigated with 
a view to its use in the analysis of the PIHCP. 
Such a reproducible, high-resolution two-dimensional 
polyacrylamide gel system would allow a more detailed 
analysis of the NHCP thus yielding further Information 
on the possible roles of these proteins in chromatin. 
The first question to be answered was on the identity 
of the NHCP and their relationship to other non-histone 
proteins present in the nucleus. 	An improved detection 
of both qualitative and quantitative differences In the 
NHCP complement of transcriptionally active and Inactive 
chromatin could also be undertaken. 	This would provide 
valuable information on the nature of, and differences 
between, these fractions of chromatin. 	Finally the 
analysis of the proteins of the nuclear ribonucleoprotein 
complexes Is of interest not only for its own sake but 
also in providing information as to the nature of the 
proteins associated with chromatin via RNA. 	In 
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conjunction with the chromatin fractionation studies 
a comparison of the proteins associated with nuclear 
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A BBREV tAT IONS 
NHCP 	 non-histone chromatin proteins 
DNA 	 deoxyribonucleic acid 
RMA 	 ribonucleic acid 
nRNP nuclear ribonucleoprotein complexes 
DNase I deoxyribonuclease 	I 	(E.C. 	No.3.1.4.5.) 
DNase II deoxyribonuclease 	II 	(E.C. 	No.3.1.4.6.) 
RNase ribonuclease A 	(from bovine pancreas) 
Tris 2-amino-2-hydroxymethylpropane-1 9 3-diOl 
SDS sodium dodecyl 	sulphate 
NP-40 	 nonidet P-40 
S 
TEMED 	 N,N,N ,N -Tetramethylethylenediamine 
' b isacrylamide 	NM methylenebisacrylamide 
EDTA 	 ethylenediamlnetetraacetic acid (tetra sodium 
salt) 




POPOP 1,4-Di-(2-(4-methyl-5 phenyloxazolyl))-benzene. 
IF isoelectric 	focusing 
20-PAGE two-dimensional 	polyacrylemide gel 	electrophoresis 
1D-PAGE one-dimensional 	polyacrylamide gel 	electrophoresis 
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MATERIALS 
L-/S7 methlonine (272 mCi/mmofl, Lfl-14&.7thymfdlne 
(456 mCl/mmol), 1_ 3!!7thymid 1 ne (26 el/mmol) and L-3!!7 
uridine (3.3 Ci/mmol) were obtained from the Radiochemical 
Centre, Amersham. 	Acrylamide and bisacrylamide were 
supplfd by BDH Chemicals Ltd. and were purified by 
recrystallisation from chloroform and acetone respectively. 
SDS was supplied by BDH; DNase I, DNase TI, Rilase, sucrose 
(R%. se-free) and PMSF were all supplied by Sigma. 
Ampholines (of various pH ranges) were obtained from 
L.K.B., Coomassie Brilliant Blue R from Searle, PPO and 
POPOP from Koch-Light. 	Kodak supplied RP Royal Xomat 
film. D19 developer and Kodafix. 	Calf thymus DNA was 
the jift of Dr. C.J. Bostock. 	All other chemicals were 
analytical reagent grade where available. 
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M CTH)S 
C entrifugat ion 
Low speed centrifugation was carried out in a 
SorvalP RC2-B centrifuge. 	For large volumes, the 
6x50ml. angle rotor was used and for smaller amounts 
either the 8x50m1. angle rotor or the 4x5Crl. swing-out 
rotor. 
High speed centrifugation was carried out in the 
MSE '50' or 1 65' ultracentrifuges using the lOxlOml. 
angle rotor or 3x23m1. swing-out rotor. 
S pectrophotometry 
The optical density of samples was measured in the 
Unicam' SP 800 or Beckman 'DB-GT' spectrophotometers, 
using quartz glass cells with a 1cm. light path. 
Cell Culture 
Mouse A9 cells (Engel, McGee and Harris, 1969) were 
grown In monolayer culture in FlO medium (Flow Labs. Ltd.). 
Both 75cm. 2 plastic flasks (Falcon Plastics) and Roux 
Bottles were used In the course of the project. 	Radio- 
active labelling times are detailed In the report of 
each experiment. 	Cells were harvested in Dulbecco's 
salt solution with the aid of a rubber policeman and 
pelleted by low-speed centrifugatlon.A9 cells are a clonal sub- 
line of the murine L line (derived from normal subcutaneous and 
Isolation of nuclei adipose tissue 
of a 100 day-old C3H/A mouse). 
(1) From mouse liver 
The sucrose-Triton X-100 methodof MacH)1jvray et al. 
(1972) was used with the modification that PMSF was 
included in all solutions to prevent proteolysis (Ballal, 
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Goldberg and Busch, 1975). 	Throughout the course of 
the project nice of mixed sexes and various strains were 
killed by cervical dislocation; their livers were excised 
and Immediately Immersed in Ice-cold isotonic saline. 
All subsequent operations were carried out at 4 ° C. 	The 
livers were homogenised In approximately five volumes 
0.25M sucrose, 3mM CaC1 2 , 0.1mM P1SF using a glass-Teflon 
homogeniser. 	After filtration through several layers 
of cheesecloth the homogenate was centrifuged at 1,000xg 
for 10 mm. 	The pellet was then washed three times in 
the same sucrose solution by homogenisation and centri- 
fugation as before. 	The final pellet was suspended by 
homogenisation in 2.2M sucrose, the suspension layered 
over 2.2P4 sucrose and centrifuged at 40,000xg for 1 hr. 
at 60 C. 	The 40,000xg pellet of purified nuclei was 
next homogenised in 0.25M sucrose, 3mM CaC1 2 , 0.1mM 
PMSF and pelleted by centrifugation at l,000xg for 10 mm. 
This extraction was repeated except that the sucrose 
solution contained 1% Triton X-100 and was then followed 
by a similar wash using 0.25M sucrose, 3mM CaC1 2 , '.lmM 
PMSF alone. 	This procedure yielded pure nuclei free of 
cytoplasm as judged by phase contrast microscopy 
(figure la). 	Nuclei were stored at -20 °C until use. 
(2) From cultured mouse cells. 
The method of Stein and Burtner (1974) was used 
with some modifications. 	All operations were carried out 
at 4 ° C. 	With the aid of a Pasteur pipette cells were 
suspended and lysed with 80 volumes 80mM NaCl, 20mM EUTA, 
0.10 PMSF, 1% Triton X-100 (pH 7.2) and nuclei pelleted 
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Figure 1 
Phase-contrast microscopy of nuclei, isolated as described 
in Materials and Methods. 
mouse liver nuclei 
mouse A9 cell nuclei 
















by centrifugation at 1,000xg for 4 sin. Nuclei were 
resuspended in the above solution with the aid of a 
Pasteur pipette and pelleted by centrifugation as before. 
This procedure was repeated twice. 	The nuclei were then 
suspended with the aid of a Pasteur pipette In 0.1514 
NaCl, 0.0114 Trls-HC1, 0.1mM PMSF (pH 7.0) and pelleted by 
centrifugation at 1,500xg for 3 min. 	This procedure 
yielded pure nuclei free of cytoplasm as judged by phase 
contrast microscopy (figure lb). 	Nuclei were stored at 
-200 C until use. 
Preparation of chromatin from Isolated nuclei 
	
The method of McGillivray (1976) was used. 	Purified 
nuclei were suspended by homogenisation In 0.14M NaC1, 0.0514 
Trls-HC1, 5mM EDTA, 0.1w14 PI4SF (ph 7.5) and chromatin pelleted 
by centrifugation at 1,000Xcl for 10 min. 	This procedure 
was repeated twice to yield the final chromatin pellet containing 
DNA, histones and NHCP. 	The combined supernatants constituted 
the saline-soluble nucleoplasmic fraction. 
Fractionation of chromatin into active and inactive chromatin 
The DNase II method of Gottesfeld and Bonner (1974) 
was used. 	Mouse liver chromatin prepared as described 
previously was suspended with the aid of a Pasteur pipette 
In 10mM Trls-HO, 1mM PMSF (ph 8) and dialysed overnight 
against 200 volumes 25mM sodium acetate, 0.1mM PMSF (pH 6.6). 
The volume of the dialysed chromatin solution was adjusted with 
25mM sodium acetate, 0.1mM PMSF (pH6.6) to give an A 2605 of 
10. 	The solution was brought to 24°C and DNase II added 
to 100 units/mi. 	The reaction was terminated 
after 5 sin. Incubation by the addition of 
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50mM Tris-HC1 (pH 11) to pH 7.5 and cooling on ice. 
Undigested chromatin (P1) was removed by centrifugation at 
27,500xg for 20 mm. at 4 ° C. 	The supernatant was made 
2mM in MgC1 2 by the dropwise addition of 0.2M MgC1 2 with 
stirring at 4 ° C. 	After 30 iiin, of additional stirring 
the suspension was centrifuged as above yielding a second 
pellet (P2) and supernatant (S2) fraction. 
Preparation of nuclear ribonucleoprotein particles 
The preparatory methods used were:- 
Purified cell culture nuclei were suspended with the 
aid of a Pasteur pipette in 5 ml. 0.01M Tris (p11 8.0), 
0.001M MgC1 29  0.14M NaCl, 0.1m?' PMSF and pelleted by 
centrifugation at 800xg for 10 mm. 	This procedure was 
repeated and the supernatants containing the extracted 
ribonucleoprotein complexes pooled. 
a. Purified cell culture nuclei were suspended as 
above and sonicated for four 10 sec. bursts with cooling 
on ice in a MSE sonicator at 20 kcyc/sec. 	All nuclei 
were ruptured as monitored by phase contrast microscopy. 
The sonicate was layered on a linear 15 - 30% sucrose 
gradient (see Gradient formation - later in this section) 
and centrifuged at 60,00xg for 17 hr. 0.9 ml. fractions 
were collected and the fractions containing the nuclear 
ribonucleoprotein complexes pooled. 
b • The chromatin pellets from the above sucrose gradients 
were suspended in 0.01M Tris (p11 7.4), 5mM MgCl 2 , 0 1lmM 
PMSF and digested with RNase at 1flflig/m1 for 5 mm, at 37° C. 
The chromatin was pelleted by centrifugation at 1,500xg 
for 10 mm. and the supernatant containing digested 
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ribonucleoprotein complexes retained. 
Preparation of 
14 
 C DNA 
2x10 8 mouse A9 cells, labelled with L11- 14 .c.7 thymidine 
for 36 hrs. (2iCi/ml. medium), were harvested and stored 
as described previously. 	For the preparation of 
14 C-labelled DNA, cells were thawed In 10 ml. 0..O1M Tris-HC1, 
0.01M EDTA, 0.01M NaCl (pH 8.0). 	An equal volume of 
the above buffer containing 1% sodium dodecyl sarcosinate 
and lOOug/ml. Protease K (Sigma Ltd.) was added. 	The 
resulting solution was incubated at 37 ° C overnight, 
dialysed against 0.01M Tris-HC1, 0.01M EDTA (pH 8.0) for 
five hours and the DNA sheared through a syringe. 	Solid 
CsC1 was added to give an Initial density of 1.700 gncm1 
and the solution centrifuged at 80,000xg for 3 days at 
25 0  C. 	0.5ml. fractions were collected from the bottom 
of the gradient and an aliquot of each fraction used to 
determine DNA content by scintillation counting (fig. 2). 
Fractions containing 14 C-radloactivity were pooled, 
diluted X5 with 0.01M Tris-HC1 (pH 8.0) and centrifuged 
18 hr. at 180,000xg. 	The supernatant was decanted, the 
tubes wiped and the pellet of DNA stored at -20 0 C. 
Sample radioactivity determination 
(1) Estimation of total radioactivity: 
20 - 1fl0il samples were pipetted onto !hatman 3 mm. 
filter discs (2.4cm.). 	The discs were dried in hot air, 
added to vials containing Smi. scintillation fluid 
(2.5 litres toluene - 12.5g PP0-0.7g POPOP) and counted 




CsC1 density gradient centrifugation of DNA. 	DNA was 
isolated from cells labelled with 4.C-thymid1ne (luCi/ml 
medium) for 48 hr. and centrifuged as described in Materials 
and Methods. 	Fractions 16-22 were pooled and DNA further 
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(2) Estimation of TCA-precipltable radioactivity: 
20 - 1000 samples were pipetted onto Whatman 3mm. 
filter discs (2.4cm.) and allowed to soak in. 	The discs 
were dropped into ice-cold 10 TCA and stood in this 
for a minimum of 10 ciin. 	The discs were then rinsed 
twice In ice-cold 51  TCA for 5 min. per rinse, soaked 
twice in ethanol/ether(l/l, v/v) at 37 ° C for 3-5 mm. 
each time and further dried twice with ether at 37 ° C 
for 2-5niin. each time. 	4fter air drying the discs 
were added to vials containing scintillation fluid and 
counted as a5ove. 
Mon-TCA-precipitable radioactivity 1.jas estimated 
by subtracting TCA-precipitahle radioactivity from total 
radioactivity. 
Two-dimensional Dolyacrylamide qel electrophoresis (2D-PAGE 
The method of O'Farrel (1975) was used with some 
modifications. 
(1) Sample preparation. 
Samples (chromatin, nRlIP, etc.) were suspended in 
and/or dialysed against 0.01 Tris-UCI (pH 7.4), lt EDTA, 
0.1mM PMSF overnight at 4 ° C. 	Samples of greater volume 
than 2 ml. were concentrated to that volume using poly-
ethylene glycol. 	DHase I and RNase were added to 50 
and 100ig/nl. respectively. 	The samples were then made 
5mM in MgC1 2 and incubated for 5 mm. at 37°C followed 
by Immediate freezing to -70° C and lyophilisatlon. The 
samples were resuspended in loading buffer: 9.5M urea, 
2% (w/v) NP40, 2 ampholines (1% pH 3.5-10, 1% pI5-7), 
5101 8-mercaptoethanol to give a final non-histone protein 
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concentration of approx. 5mg/mi. 
(2) First dimension - isoelectric focusing 
5.5 g. urea were added to a 250m1. side-arm flask then 
1 .33m1. 30% acrylamide stock: 23.38% acrylanide, 1.62% 
bisacrylamide, (w/v) In H 2 ), 2m1. stock NP-40: 10% (w/v) 
NP-40 in H 20, 1.97m1. H 20 plus 0.25m1. nH5-7 and 0.25m1. 
p113.5-10 aniphol ines (40% w/v). 	The flask was swirled 
until the urea had dissolved and 15ijl 10% arunonium 
persuiphate: 	1D% (w/v) in 1420 added to the gel solution. 
The gel solution .ias then degassed under vacuum for 1 mm., 
1 0.al 10% TEED: 10% (v/v) in H 2 
 0 added, and loaded into 
the gel tubes to give 12cm. long gels. 	The gel solution 
was then overlayed with 251. sample overlay solution: 
81 1 Urea, 1 10 arupholines (0.5 1?. p143.5-i3, 0.5% p145-7). 
This solution was removed after 2 hr. and replaced 
with 251fl. loading buffer (as above) which was in turn 
overlaid with 251. water. 	The gels were left to set for 
a further 2 hrs. 	The Parafi1r (Gallenkamp) sealing the 
bottoms of the tubes was then replaced with dialysis tubing 
held in place by a section of latex tubing. 	After 
replacement of the loading buffer and water on top of the 
gels with fresh loading buffer, the gel tubes were placed 
in the electrophoresis chamber and filici with 0.02fl NaOH. 
The upper (cathodal) electrophoresis solution was 0.0211 
NaOH (extensively degassed to remove CO 2 ), the lower 
(anodal) electrophoresis solution was 0.011 11 3 PO 4 , 511 urea. 
The gels were pre-run for I hour at 200V followed by j hour 
each at 280V and 360V. 	The current was switched off and 
the upper electrophoresis solution and loading buffer removed. 
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The sample (25il. maximum) was loaded onto the top of the 
gel with the aid of an rppendorf micropipette and overlaid 
with 251l. sample overlay solution (as above) and the 
tubes filled with 0.02M NaOH. 	The upper electrophoresis 
buffer was replaced and the gels were run under constant 
voltage at 360V for 16 hrs., followed by 1 hr. at 420V. 
The gels were removed from the tubes by pressure from a 
syringe and equilibrated for 2 hr. in 5 ml. SDS sample 
buffer: 10% (w/v) glycerol, 5% (v/v) 	-mercaptoethanol, 
2.3% (w/v) SUS, 0.06251 Tris-HC1 (pH 6.8). 	The gels 
were then frozen in this solution in an ethanol/dry Ice 
bath and stored at -70 0 C. 
(3) Second dimension - SDS polyacrylamide gel electrophoresis 
The second dimension was based on the discontinuous 
gel system of Laemrnli 	(1970). 	High andlow concentration 
acrylamide solutions were mixed to yield a SOS slab gel 
with a linear polyacrylamide gradient of 7.5-20% (see 
later section - Gradient formation). 	The high concentration 
acrylamide solution contained 2,5 ml. 1.5M Tris-HC1 (pH 8.8), 
0.4% (w/v) SOS; 6.66m1 . 30% acrylamide stock: 29.2% 
acrylamide, 0.8% bisacrylamide, (w/v) in H 20; 0.73ml. 
glycerol; 	50pl. ammonium persuiphate: 	1(1% (w/v) in 14 20 ; 
50l. TEMED: lO%(v/v) in H 2 0. 	The low concentration 
acrylamide solution contained 2,5rnl. Iris-SOS (as above); 
2 .125m1. acrylamide stock (as above); 	5.175m1. 1120  and 
ammonium persuiphate and TE!ED (as above). 	When poured, 
the gradient gel solution was overlaid with 2m1. H 20 and 
allowed to set for lhr. 	The water overlay was then removed 
and a 4.75% acrylamlde stacking gel added: 2.5m1. 3.5M 
-37- 
Tris-HC1 (pH 6.8), 0.4% SDS; 1.5m1. 30% Acrylamide stock 
(as above); 5.9m1. H 2 0 and 100 1. each of ammonium persul-
phate and TEMED (as above). The stacking gel was allowed to 
set for a further hour. 	An isoelectric focusing gel was then 
placed on top of the stacking gel and Immersed In 2m1. of 
melted 1% agarose in SDS sample buffer (as above). After 10 
mm. the entire slab gel was clamped to the electrophoresis 
tank and running buffer: 0.02514 Iris-base, 0.19214 glyclne, 0.1% 
(w/v) SDS added. 	0.04m1. 0.1% bromophenol blue: 0.1% (w/v) 
In H 20 was added to the upper (cathodal) reservoir and the gel 
run at 20mA constant current for 5 hr. The gel was stained in 0.1 
(w/v) Coomassie Blue in 50% TCA for 20 mm. Ampholines were re- 
moved and the gel destained by soaking the gel in 50% alcohol, 
7% acetic acid, 0.005% (w/v) Coomassle Blue for 36 hr. followed 
by rehydratlon in 7% acetic acid, 0.005% (w/v) Coomassle Blue 
and storage in 7% acetic acid. 	Gels containing labelled 
proteins were fixed in 50% TCA for 20 mm. and stored in 
7% acetic acid before preparation for fluorography as 
described later. 
One-dimensional polyacrylamide gel electrophoresis (ID-PAGE) 
Samples were initially prepared as for 2D-PAGE. 
These were diluted 1:1 	with H 20, made 5% (w/v) 	nin SDS and 
heated at 90 0 C for 3 mm. The SDS slab running and 
stacking gels as described for 2D-PAGE were used with a 
slot-former In the stacking gel. 	Electrophoresis buffer 
was that used for 2D-PAGE and gels were run at 20mA constant 
current for 3 hr. 	The gels were stained In 0.1% (w/v) 
Coomassle Blue in 50% TCA and destained in 7% acetic acid. 
Preparation of gels containing labelled proteins for 
fluorography Is described later. 
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tMIA-aqarose gel electrophoresis 
Samples nf rase TI-digested chromatin (in 25mT1 
!aacetate) were made 0.05% (w/v) in SOS and l!i in LiaCi 
and the solution extracted twice with water-saturated 
phenol. 	The OUA was precipitated by the addition of 
2 vols. absolute ethanol followed by storage overnight 
at 20
0 C. 	The IThA precipitates were collected Fy 
centrifugation and redissolved in •IOnM Tris-lOmM EDTA 
(pH P. 0). 	The DMA samples were then made 10% sucrose 
(w/v) and electrophoresed in 1.57 aoarose slab gels for 
IF hrs. at lflmI\ constant current. 	The electrophoresis 
buffer was 40m1 Tris-2OmM sodium acetate - 1mM EDT1 
(pH R.2). 	The gels were stained with 0.5pgml 	ethidium 
bromide dissolved in electrophoresis buffer and fluorescence 
photographed under ultraviolet light with a yellow filter. 
Gels were subsequently prepared for fluorography as described 
1 ater. 
Hydroxylapatite Chromatography 
The method used was that of flacGillivray et al. (1972) 
with some modifications. 	Chromatin preparations (see 
earlier) were homogenised in approximately 10 vol. of 
2 11 1aCl, 141 urea, 0.00IU sodiuri phosphate (pH 6.8) using 
a Teflon-glass homogeniser. 	After centrifugation at 
1 5,000xg for 15 rim., the pellet was extracted in the 
same way. 	The two extracts were pooled and sonicated 
for four ten second periods at 24 Icyc/sec. in an MSE 
sonicator wit! cooling on ice. 
Hydrcxylapatite (Rio-'a( Labs.) i , as 	ashed several 
t ire 	in "' 	11 9  fl' urea, " .001 ! sc.d ur rhosphate (pH (.8) 
by suspension and decantation. 	The column was packed, 
equilibrated and run at room temperature in the above 
solution. 	A 25 ml. solution of sonicated chromatin 
(above; A9)nm10) was allowed to come to room temperature 
and applied to a 2Ocm.xl.6cm. column of hydroxylapatite. 
After elution of unretained material (histones; Ill of 
MacGillivray et al., 1972), the column was washed with 
2 14 1aC1, 5i Urea, 0.05M sodium phosphate (pH 6.8) to yield 
a non-histone chromatin protein fraction (H2 of MacGillivray 
et al., 172) 
Fluorography of gels 
(1) 	Polyacrylarnide gels 
The method of Bonner and Laskey (1974) was used. 
Gels containing labelled proteins were soaked in ten 
volumes DPISO for 30 mins. This procedure was repeated 
twice with fresh DMSO each time. 	The gels were then 
soaked in 10 vols. DM50 containing 16% (i/v) P0 for 
3 hrs. and, after removal of this solution, the PPO 
precipitated in the qels by soaking in water. 	The gels 
were then dried onto a piece of filter paper and placed 
in contact with pre-flashed Kodak Royal RP X-omat film 
(Laskey and 4111s, 1975). 	The film was exposed to the 
gels at -70 ° C for the required time and then developed 
in Kodak fl19 developer and fixed in Kodafix. 
( 2) 04A-aqarose gels 
The above procedure was used except that ethoxvethanol 
replaced DP4SO. 
DA and protein esti:ations 
DNA estimation was by the diphenylamine method 
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(Giles and Myers, 1965) using calf thymus DNA as a 
standard. 
Protein estimation was by the method of Lowry et al. 
(1951) using bovine serum albumin as a standard. 
Histone and non-histone protein contents were 
determined usina the method of Spelcberq et al. (1973). 
Chromatin solutions were extracted for 30 mm. at 4 0 C 
with H 2 SO 4 (to final concentration of fl.2M)followed 
by cpntrifuoatfnn at 1,200xq for 10 mm. 	The supernatant 
was neutralised with MaOH and histone content estimated 
by the Lowry method; the pellet was resuspended and 
the non-histone protein content estimated by the Lowry 
method. 
Gradient formation 
(1) For sucrose density qradient analysis 
Two solutions were prepared, the first containing 
sucrose at the concentration required at the top of the 
gradient and the second containing sucrose at a concen-
tration 5% greater than required at the bottom of the 
gradient. 	The sucrose solutions were prepared by 
dissolving sucrose In distilled water and adjusting to 
the desired buffer concentration. 	Each gradient was 
prepared by placing the lighter solution in a mixing 
tube, pumping in the heavier solution with constant 
stirring and pumping out the mixture (at twice the 
rate that the heavier solution was pumped in) to the 
bottom of a centrifuge tube. 	The volume of lighter 







where Cl 	concentration at the top of the gradient (15%) 
C2 	desired concentration at the bottom of the 
gradient (30%) 
C3 - heavier concentration prepared (31.66%) 
Vg - final v'oIume of gradient (iSmi.) 
V 	volume of lower concentration sucrose placed 
in mixing tube (lOmi.) 
(2) For polyacrylanide ryel electrophoresis 
The above equation was used but high concentration 
acrylar'iide solution placed in the mixing tube and low 
concentration acrylamide solution pumped in at half the 
rate the 	mixture was pumped out. 	The initially high 
concentration acrylamide mixture was pumped to the bottom 
of the slab and overlaid with successively lower concen-
trations of mixture so that the top of the gradient gel 
had the desired low concentration of acrylamide. 
Thus, 	in this 	case: 
= volume high concentration to 	added to mixing 
ch a mber (f.RRm1.) 
Vg final volume gradient 	(lSrl.) 
Cl 	= 10 	- concentration at the 	bottom of the gradient 	(20%) 
100 	- loer concentration prepared 
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CHAPTER III 
RESULTS AND DISCUSSION 
SECTION 1 
Isolation of Chromatin 
In view of the number of different chromatin 
isolation methods discussed in the Introduction it Is 
felt that some comment on the chromatin isolation methods 
used and the reasons for the choice of these methods Is 
warranted. 	Two main considerations were taken Into 
account In the choice of chromatin isolation methods. 
The first of these was the purity of the final chromatin 
preparation, the second its functional state. 	With 
respect to the first consideration the prior isolation 
of highly purified nuclei was considered essential. 
The procedure chosen for the preparation of nuclei 
from mouse liver cells was the sucrose-Triton method 
of MacGlllivray et al. (1972) (see Materials and Methods). 
Isolation of nuclei In sucrose is well established as 
a useful method in obtaining good yields of pure nuclei, 
the addition of Triton removing contaminating cytoplasmic 
and nuclear membrane material without any major loss of 
protein (MacGilllvray et al., 1972). 	Thus, after 
homogenisation of the cells, nuclei were purified by 
centrifugation through isotonic sucrose containing 
Ca" Ions to prevent damage to the nuclei. 	The 
nuclei were then further purified by centrifugation through 
hypertonic sucrose in a modification of the Chauveau 
procedure (Chauveau et al., 1956). 	The purified nuclei 
were subsequently washed with isotonic sucrose containing 
Triton X-lOO to remove contaminating membrane material. 
Attempts to obtain pure nuclei from cultured mouse A9 
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cells by this technique proved unsuccessful. 	The method 
adopted for the isolation of nuclei in this case was 
that of Stein and Burtner (1974). 	This method employed 
hypotonic shock to rupture the cells and subsequent 
removal of cytoplasmic and membrane material adhering 
to the nuclei with 0.14M NaCl and Triton X-lOO. 	All 
operations during the isolation of nuclei were carried 
out at 4 ° C and PMSF was included in all solutions to 
prevent proteolysis. 	By these techniques good yields 
of highly purified nuclei were obtained. 
Chromatin was prepared from isolated nuclei by the 
method of MacGillivray (1976). 	The second main consideration 
mentioned previously was the functional state of the 
prepared chromatin - chromatin prepared by this and 
similar methods has proved capable of being transcribed 
in vitro to yield RNA sequences similar to those synthesised 
in vivo by the homologous chromatin (Gilmour and Paul, 1973). 
This ability, in the absence of any definitive criterion 
for the biological activity of chromatin, was a major 
factor leading to the choice of this chromatin preparation 
method. 
The above preparation of chromatin from nuclei involves 
homogenisation steps which may expose the chromatin to 
shear forces. 	Recently concern has been expressed as to 
possible damaging effects of shear on the native structure 
of chromatin. 	When chromatin is prepared by a limited 
nuclease digestion method and then further nuclease 
digested its DNA shows a characteristic pattern at 200 
base pair intervals upon subsequent gel electrophoresis. 
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This pattern is Indicative of the nucleosome structure 
(discussed in Introduction) thought to represent the 
basic structure of chromatin In vivo. 	Chromatin 
subjected to extensive physical shearing before nuclease 
digestion gives no band pattern but only a smear of DMA 
indicating disruption of this level of chromatin 
organisation (P4011. Thomas and Kornberg, 1975). 	Chromatin 
sheared by sonication shows changes In CO spectra 
(Tashiro and Kurokawa, 1975b). 	However proteolytic 
digestion of histones indicates that the nucleosomes 
of nuclei and of sheared chromatin are similar (Marks 
and Keller, 1977) and shear does not appear to affect 
the specific transcription of globin genes from chromatin 
templates Isolated from tissues actively synthesising 
globin inRNA-quantitatively similar results have been 
obtained with both sheared and unsheared chromatin 
preparations (Axel et al., 1973; Gilmour and Paul, 1973; 
Barret et al., 1974). 
The method and extent of shear imposed on chromatin 
during preparation may well have differential effects 
on Its native structure. 	The method of chromatin 
preparation described earlier In this thesis involves 
three homogenisation steps using a loose-fitting glass-
Teflon homogeniser at low speeds and hence probably 
represents minimal shear compared to the extensive 
shearing which produced the damaging effects on chromatin 
structure described In the examples cited above. 
Later studies on chromatin fractionation were repeated 
with intact nuclei In order that any artefactual effects 
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due to exposure of chromatin to shear forces might be 
ruled out. 
The chemical compositions of the chromatins yielded 
by the above methods are given In Table 1. 	In agreement 
with the results of many workers the ratio of histone 
to DNA was found to be close to 1. 	The ratio of non- 
histone protein to DNA was lower (0.78 for mouse liver, 
0.62 for mouse A9 cells). 	Since chromatins of different 
chemical compositions are given by different preparation 
procedures even in the same tissue, the comparison of 
results between different methods is difficult. 	Using 
a sucrose isolation procedure the protein/DNA ratio of 
mouse liver chromatin was found to be 1.7 by McGillivray 
et al. (1972) - giving a NHCP/DNA ratio of 0.7 (assuming 
the histone/DNA ratio is 1). 	The ratio of NHCP/DNA 
In rat liver chromatin may vary from 0.65 - 0.95 
(Gottesfeld et al., 1974; Elgin and Bonner. 1970) while 
chromatins from several sources (isolated by a variety 
of methods) were listed as having NHCP/DNA ratios of 0.48-
1 .37 (Busch et a1., 1975). 	The chromatin compositions 
reported in this work lie well within the range previously 
reported by other workers 
Polyacrylamide Gel Electrophoresis of Non-Histone Proteins 
The Initial goal of the project was to Improve upon 
existing techniques for the polyacrylamlde gel electro-
phoretic analysis of the non-histone chromatin proteins. 
After a survey of existing techniques it became apparent 
that this objective might best be achieved by the application 
of a high-resolution two-dimensional polyacrylamide gel 
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TABLE I 
LEGEND: Chemical composition of chromatins prepared 
as described in Materials and Methods. 	DNA 
and protein estimations as described in 
Materials and Methods; figures given are In 
g/g DNA. 
CHROMATIN 	DNA 	TOTAL 	HISTO1E 	
NON-IIISTONE 
SOURCE  PROTEIN PROTEIN PROTEIN 
Mouse Liver 	1 	1.88 	1.02 	0.78 
Mouse A9 Cells 	1 	1.65 	1.05 	0.62 
Figures given are averages of four determinations. 
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electrophoretic system (20-PAGE). 	The final results 
of 10-PAGE and 20-PAGE separations of non-histone proteins 
are presented first and are followed by a section dis-
cussing in greater detail the work carried out in the 
establishment of the 20-PAGE system. 	This order of 
presentation places much of this work out of chronological 
order (e.g. the final established system is presented 
before the work leading to it) but enables the results 
to be discussed in a more comprehensible manner. 
iD-PAGE of Proteins 
The 10-PAGE system used for the analysis of proteins 
was the SDS-polyacrylamfde system of Laemmli (1970) (see 
Materials and Methods). 	This system was that used for 
the second dimension of the 20-PAGE procedure and has the 
advantage that samples prepared for 2D-PAGE could also 
be utilised for ID-PAGE (see Materials and Methods). 
Such samples contain DNase and RNase (see later discussion 
on sample preparation for 20-PAGE). 	The position of 
these enzymes in the one-dimensional gels could easily be 
determined by the Inclusion, in one of the sample slots 
of the slab gel, of a sample containing DNase and RNase 
alone. 	The enzymes also served as useful internal 
standards for molecular weight determination. 	Samples 
prepared for 20-PAGE also contain ampholines (necessary 
for the isoelectric focusing dimension). 	The ampholines, 
being low molecular weight carrier ampholytes, bind SOS 
and run as a discrete band immediately behind the marker 
dye (Bromophenol Blue) front and were usually run off 
the gel. 
Figure 3A shows photographs of resulting SOS-polyacrylamide 
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Figure 3 
ID-PAGE analysis of chromatin proteins. 	Samples were 
prepared and run in ID-PAGE as described in Materials 
and Methods:- 
chromatin proteins (sample load - 120pg) 
chromatin proteins (sample load - Mpg) 
DNase and RNase (sample load - lOg) 
histones (sample load - 40M9), prepared by the 
hydroxylapatite method of MacGilllvray et al (1972). 
Figures quoted are molecular weight x10 3 
Samples are from mouse liver chromatin. 
r 
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slab gals containing samples of total chromatin proteins, 
histones, D!lase and RNase. 	The two total chromatin 
protein samples analysed were from similar preparations 
of chromatin. 	The pattern of protein bands between 
these chromatin samples is very similar, with slight 
variations at very high molecular weight. 	The position 
of the Dflase in the protein samples can be determined by 
comparison with the sample containing ONase and RNase 
alone. 	The total chromatin protein samples also contain 
histones. 	The positions of the histone bands can be 
assigned by comparison with the sample containing histones 
purified by the hydroxylapatite method of MacGiulivray 
et al. (1972). 	RNase co-migrates with the low molecular 
weight histones and cannot be clearly distinguished. 
By direct visualisation of the gels presented in 
this figure upwards of fifty protein bands can be 
assigned to the NHCP. 	The NHCP can be seen to constitute 
a heterogeneous mixture of proteins with molecular weights 
ranging from 10,000 to over 100,000 (the molecular weights 
given in figure 3 were determined from the position of 
the marker enzymes and bovine serum albumin in parallel 
gel runs). 	Results obtained by the various methods used 
by other workers reveal the MHCP as a complex mixture 
of proteins, there being 12-18 major SOS-protein components 
In most tissues, covering a molecular weight range of 
5,00C to about 200,000 (Elgin and Bonner, 1970; MacGilllvray 
at al., 1972; La Stourgeon and Rusch, 1973; Wu, Elgin 
and Hood,, 1973). 	Estimates of the number of major protein 
species contributing to the NHCP of rodent tissues range 
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from 10-15 for rat-liver chromatin (Elgin and Bonner, 1972) 
to over twice that number for mouse-liver chromatin 
(MacCllllvray and Rlckwood, 1974). 	The gels presented 
in figure 3 support the latter estimate but the differences 
in the number of major protein species observed probably 
reflect-differences In chromatin preparation. 	The 
procedure of Elgin and Bonner, which involves extensive 
washing of chromatin with dilute buffers, may remove 
much of the loosely-bound NHCP, these being retained when 
the chromatin preparation procedure of MacGillivray (1976) 
is used (as in this thesis). 	The number of NHCP 
components observed will also be dependent on the resolution 
of the gel system used. 
The ID-PAGE system described in this thesis does not, 
and was not intended to, give a complete analysis of the 
NHCP. The inclusion of DNase and Rilase In the sample 
obscures any NHCP of similar molecular weight. 	Similarly 
no attempt was made to remove histones from the sample 
(this was found unnecessary for satisfactory 2D-PAGE) and 
hence UHCP of molecular weights similar to those of the 
histones are obscured. 	The method does allow, however, 
a simultaneous one-dimensional separation of several 
samples prepared for 20-PAGE. 	Thus an initial low- 
resolution examination of samples to be compared by 20-PAGE 
can be achieved by this method with substantial saving 
in tine. 	A further advantage lies in that both histones 
and non-histones are resolved by this 10-PAGE procedure 
allowing hi stone analysis of samples prepared for 20-PAGE 
(which does not resolve histones - see later). 
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The major disadvantage common to all ID-PAGE procedures 
is the low resolution attained. 	It is becoming increasingly 
apparent as the complexity of the NHCP is revealed by 
increasingly refined separation methods that their resolution 
by a procedure which separates them only by differences 
in molecular weight is limited. 	Thus many bands resolved 
by 10-PAGE may be constituted by several polypeptides of 
similar molecular weight. 	A common feature to many analyses 
of NHCP by ID-PAGE systems is the high background of stain 
throughout the gel, which may reflect unresolved minor species 
of polypeptides of intermediate molecular weight between the 
major species which constitute the bands as well as over- 
lapping of bands. 	For these reasons, research Into 
methods of 2D-PAGE analysis of NHCP is now becoming 
increasingly widespread. 
20-PAGE of Non-Histone Proteins 
Several two-dimensional polyacrylamide gel electro-
phoretic systems have recently been applied to the analysis 
of the NHCP (these will be discussed later). 	It was felt 
that none of these systems realised the full potential 
that 2D-PAGE analysis had in the analysis of NHCP. 	Other 
systems, not previously utilised in the analysis of NHCP, 
were reviewed for potential use in the analysis of this 
complex mixture of proteins. 	In this respect the procedure 
of O'Farrel (1975) seemed outstanding. 	By this technique 
proteins are separated according to Isoelectric point by 
isoelectric focusing In the first dimension and according 
to molecular weight by SDS-PAGE in the second dimension. 
Since isoelectric point and molecular weight are unrelated 
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It is possible to resolve proteins which differ In only 
one of these factors. 	This technique resolved 1,100 
different protein components from E.Coll,  while the 
technique is theoretically capable of resolving a maximum 
of 5,000 proteins. 	Although the complexity of the PIHCP 
is probably well below this number, the relatively narrow 
ranges of molecular weight and isoelectric point of the 
major species of MHCP made the application of this system 
to their analysis seem attractive. 
Anticipated difficulties in the application of this 
system to NHCP were the low solubility of these proteins. 
their DNA-binding properties and their susceptibility to 
proteolysis. A fuller discussion of control experiments 
regarding the procedure will be presented in a following 
section. For the moment the discussion will be limited 
to an analysis of the final separation attained. 
Figure 4 presents a two-dimensional separation of 
mouse liver nuclear non-histone proteins. 	The proteins 
were separated in the first dimension In an isoelectric 
focusing rod gel and In the second dimension in a SDS- 
polyacrylamide slab gel. 	The non-histone proteins are 
visualised as spots distributed throughout the slab gel. 
Over 50 major protein species can be easily identified 
from the photograph; by direct visualisation of the gel 
over 100 distinct protein spots can be identified. 
The horizontal scale at the top of the photograph 
shows the pH gradient of the Isoelectric focusing gel (see 
Iegend,figure 5). 	The vertical scale down the side of the 
photograph indicates the molecular weight range of the gel. 
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Figure 4 
20-PAGE analysis of nuclear non-histone proteins 
Sample prepared for electrophoresis as described in Materials 
and Methods. 	Sample load —200ug total protein. 2D-PAGE 
as described in Materials and Methods. 	Scales for this 
and subsequent 2D-PAGE analyses:- 
Horizontal - isoelectric focusing (IEF); figures quoted 
are pH xlO. 
Vertical - 	sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SOS); figures quoted are 
molecular weight xlO 3 
Arrowed spots are DNase I, see text for details. 
Sample obtained from mouse liver nuclei. 
Vertical streaking seen In this and subsequent 20-PAGE 
analyses is variously due to incomplete saturation of 
proteins In the Isoelectric focusing gels with SOS, 
staining artefacts or displaced material from the top 
of the isoelectric focusing gel. 
I E F 







This was determined from the position of standard proteins 
In parallel gels - the standards used were bovine serum 
albumin (m.wt. 68,000) ) DNase I (w.wt. 31,000) and RNase 
(m.wt. 14,700) (Weber and Osborn, 1969). 	A grid system 
can be set up using these two scales to denote the position 
of any one spot. 	The notation system used will give the 
pH value of the spot In two figures followed after an 
oblique by the molecular weight value of the spot given In 
two figures (i.e. pH/m.wt.). 	Thus the two arrowed spots 
in figure 4 at pH 5.6 and 5.5 and molecular weight 31,000 
are assigned numbers 56131 and 55/31 respectively. 	These 
two spots represent DNase I, which was present In the 
sample (see sample preparation and later). 	kNase A, also 
present In the sample, has a high Isoelectric point (above 
pH ) and hence does not enter the isoelectric focusing gel 
and Is not present In the final two-dimensional analysis. 
Both the pH and molecular weight values quoted can 
only be regarded as approximate. 	The ph Is estimated as 
described In the legend to figure 5 by soaking the gel 
slices is described above in 1120  to leech out the ampholines. 
The urea in the gel slices Is also removed by this process 
and interferes with accurate ph determination (Bull et &I., 
1964). 	The molecular weight values given were determined 
In an identical gel run under the same conditions, but small 
variations in the acrylamide gradients of gels may occur. 
However, in addition to the grid system described above, 
spots may also be Identified by their relative positions - 
hence comparison of spots between gels is not difficult. 
Figure 4 shows that a complex mixture of non-histone 
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Figure 5 
pH gradient of isoelectric focusing gels. 
Isoelectric focusing gels were prepared and run as 
described In Materials and Methods. 	One gel of each 
set (8) contained no sample and after electrophoresis 
was extruded onto paraflim, cut Into 5 mm. sections 
and placed in a vial containing 3 ml. degassed H 2 0. 
After jhr. (with occasional shaking) the pH of the 
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proteins can be separated and individually Identified by 
this procedure (indeed the system proved capable of 
handling samples of far greater complexity - see figure 
ha later). 	Several problems were encountered in initial 
attempts to separate NHCP by this technique. 	When crude 
chromatin was prepared for 2D-PAGE of Its proteins without 
the DNase I and RNase digestion step (see sample preparation, 
Materials and Methods) the resulting two-dimensional analysis 
showed extensive streaking In the Isoelectric focusing 
dimension (Figure 6). Streaking in this dimension has also 
been encountered by other workers (O 1 Farrel, 1975; 
Peterson and t4Conkey, 1976; MacGllllvray, 1976).and has 
been attributed to the effects of polynucleotide material 
in the sample. 	During the separation of E.cohi proteins 
by 2D-PAGE, O'Farrel (1975) found this streaking effect 
"not severe". 	In the case of chromatin proteins where no 
attempt Is made to remove polynucleotide material the effect very 
c'tvlously is severe. 
Initial attempts to circumvent this problem were 
directed towards the fractionation of chromatin into Its 
constituent DNA, histone and non-histone protein fractions 
by the hydroxylapatite method of MacGilllvray et_al. (1972). 
The NHCP fraction obtained by this method still showed 
streaking In the isoelectric focusing dimension and hence 
may still contain some polynucleotide material (figure 7). 
MacClhhivray (1976) has also noted that polynucleotide 
material is Incompletely removed by this method and has 
recently added a CsC1-urea centrifugation step to his 
preparation of the NHCP fraction to further remove pohynucleotide 
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Figure 6 
2D-PAGE analysis of mouse liver NHCPI 
Sample (150ig total protein) was prepared for electro-
phoresis minus the nuclease digestion step (Materials 






2D-PAGE analysis of mouse liver NI4CP. 
NHCP were prepared by the hydrQxy1apt1te method of 
MacGlllivray et al. (1972) (see Materials and Methods). 
Sample load - 75ug total protein. 	Sample prepared 
for electrophoresis minus nuclease digestion step; 








material. 	This latter procedure is lengthy, involving 
extended chromatography, centrifugation and dialysis 
steps with concomitant losses of protein and opportunities 
for the action of proteases. 	An alternative method for 
the preparation of NI1CP for 20-PAGE was therefore sought. 
O'Farrel (1975) has suggested that samples containing 
polynucleotide material can be digested with DPlase I and 
RNase, after which treatment streaking in the Isoelectric 
focusing dimension is reduced. 	The adoption of such a 
procedure, as opposed to a complete purification of a 
NHCP fraction, seemed reasonable since it Is essential 
only that the polynucleotide material causing the Streaking 
effect in the Isoelectric focusing dimension be removed. 
Prior separation of the histones from the UHCP is 
not essential since the histones have high -isoelectric 
points (above pH 9) and therefore do not enter the iso-
electric focusing gel (Peterson and McConkey, 1976). 
Such a digestion procedure has previously been applied 
to the separation of NHCP from DNA (Wilson and Spelsberg, 
1973). 	These workers digested acid-extracted chromatin 
with DUase I and then precipitated the non-histone chromatin 
proteins with perchlorlc acid. 	When a similar method 
(using TCA) was applied to the preparation of a non-histone 
protein sample for 20-PAGE by the system described In this 
thesis, the ph gradient was found to be decreased In size, 
probably as a result of residual TCA in the sample. 
As an alternative to this procedure the sample was 
immediately frozen to -70 0C and lyophilysed after digestion 
with DNase I and RNase. 	The optimal time of digestion was 
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determined by following the time course of the digestion 
of 4C thymidine-labelled DNA in chromatin (Figure 8). 
After 5 mm. digestion 90-95% of the 14 C thymidine -labelled 
DNA in the sample was converted to a TCA-soluble form. 
5-10% of the 14 C thymidine-labelled DNA in chromatin remains 
undigested even after extended periods of digestion. 
This undigested fraction of DNA may exist in intimate, possibly 
covalent, association with protein thus being protected 
from digestion. 	Both rat liver soluble nuclear and cyto- 
plasmic proteins with high affinity to polynucleotides have 
been described (Schweiger and Mazur, 1975). 	These proteins 
are released from poly(A)- and poly(U)-Sepharose columns 
only by treatment with 50% formamlde. 	It has also been 
suggested that up to 60% of NHCP contain small amounts of 
tightly bound nucleic acid - separted proteins in 
polyacrylamide gels require incubation in 5% TCA for 30 mm. 
at 90 ° C to remove this nucleic acid (Bhorjee and Pederson, 
1976b). 	The distribution of 14 C thymidine-labelled DNA 
of DNse- and R&i se-digested chromatin throughout an 
Isoelectric focusing gel Is shown in figure 9. 	Of the 
DNA which enters the gel the majority remains at the top 
of the isoelectric focusing gel. 	This result is in 
agreement with the observation of O'Farrel (1975) that 
high molecular weight 32P-labelled nucleic acid forms a 
smear at the top of the isoelectric focusing gel. 	The 
DNA deposited at the top of the isoelectric focusing gel, 
upon subsequent second dimension electrophoresis, forms 
a streak down the two-dimensional gel as can be seen from 
figure 10. 	This shows an autoradlograph of a 2D-PAGE 
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Figure 8 
Digestion of 14 C-DNA in chromatin with DNase I 
Chromatin was prepared from mouse A9 cells (Materials and 
Methods) grown in the presence of 14 C-thymidlne (2i&Ci/ml 
medium for 48 hr.). 	Chromatin was suspended In 0.01M 
Tris-HCI (ph 7.4), 5mM MgC1 2 , 0.1mM PMSF (1.5 x 10 5 cpm 
and digested with DNase I (5.0g/ml) and RNase 
(lOOIAg/ml) at 37 0 C. 	25Ml samples were removed at 
varying times of digestion and 14 C radioactivity counted 
as described in Materials and Methods. 
- 	total 4 C radioactivity 
a-u TCA-precipitable radioactivity 
Counts/mm. xlO 




















Distribution of 4C-DNA throughout an isoelectric focusing gel. 
Chromatin was prepared from mouse A9 cells (Materials and 
Methods) grown In the presence of 14 C-thymidlne (2uCl/ml 
medium for 48 hr.). 	Chromatin (10,000 cpm 14C) was prepared 
for electrophoresis and isoelectric focusing gels run as 
described in Materials and Methods. 	Isoelectric focusing 
gels were extruded onto Parafilm and cut Into 5mM sections. 
Each 5mm. section was dried, under vacuum, onto a Whetman 
3mm. filter disc and radioactivity determined as described 
in Materials and Methods. 







Distance. mm  
Figure 10 • 
Fluorography of 2D-PAGE analysis of chromatin containing 
N C-DNA. 
Chromatin was prepared from mouse A9 cells (Materials and 
Methods) grown in the presence. of 14C-thymidine (2.iCi/m1 
medium for 48 hr.). 	Chromatin samples (10,000 cpm 
were prepared and run in the 2D-PAGE system as described 
In Materials and Methods. 	The resulting slab gel was 
prepared for fluorography as described in Materials and 





separation of chromatin containing 4 C thymidine-labelled 
DNA. 	The nature of this material as DNA was confirmed 
by heating an identical gel to 90 0C for 30 mm. in 5% 
TCA (Bhorjee and Pederson, 1976b) - no radioactivity was 
observed upon subsequent fluorography indicating the 
destruction of DNA. 	Smearing throughout the two-dimensional 
gel due to DNA was also observed In gels containing both 
35s-labened protein and 3H-DNA ( 5xlo 5cpm loaded) (see 
figure 22 later). 	The streak of DNA at the top of the 
gel in figure 10 corresponds to the protein streak seen 
in the two-dimensional separation of proteins at the top 
of the pH gradient (e.g. figure 4 star; O'Farrel, 1975 - 
figure 13; Peterson and McConkey - figure 1). 	As well 
as protein which does not enter the Isoelectric focusing 
gel because of Its Isoelectric point, this protein may 
reflect that fraction previously described with high 
affinity to polynucleotides (since it protects this 
fraction of DNA from digestion and Is not dissociated 
from polynucleotides under the effect of the 9.54.0 rea 
and 2% NP-40 in which the sample is loaded) and has been 
estimated at 20% of the total TLHCP (Peterson and McConkey, 
1976). 
A possible source of artefactual heterogeneity lies 
In the occurrence of proteolysis during the digestion of 
chromatin samples with nucleases. 	This could result from 
the action of endogeneus proteases In chromatin or con- 
taminating proteases In the nuclease enzymes. 	Gross 
proteolytic activity does not occur - figure 11 shows that 
when chromatin containing radioactively-labelled proteins 
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Figure 11 
Effect of sample nuclease digestion •on 35 S-labelled proteins. 
Chromatin was prepared from mouse A9 cells (Materials and 
Methods) grown in the presence of 35.S-methlonlne (lpCi/ml 
medium for 48 hr.). 	Chromatin was suspended in 0.01M 
Trls-HC1 (pH 7.4), 5pM EDTA, 0.1mM PMSF (1 x 10 5 cpm 355/mfl, 
brought to 37 0 C and DNase I (50pg/ml.) and RNase (lOOpg/ml) 
added. 	25d samples were removed - corresponding to 
zero time samples. 	MgC1 2 was added to 5mM and 25pl samples 
removed at varying times of  digestion. 	After 30 mm. In- 
cubation at 37 0 C Protease K (lOOpg/ml) was added and the 
chromatin sample Incubated a further 5 mm. prior to the 
removal of further 25ifl samples (+P). 	35 radioactivity 
was counted as described In Materials and Methods. 
I— 	total 
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Is Incubated In the presence of DNase and RF4ase, even for 
lengthy time periods, the amo!int of TCA-precipltable 
radioactivity closely parallels the total radioactivity 
of the sample. 	The general reduction seen In both total 
and TCA-precipitableradloactivlt,y after zero time Is due 
to a Mg - induced insolubility effect on the chromatin 
sample, being abolished when the chromatin sample Is 
treated with Protease K. 	
3H ovalbumin was added to a 
chromatin sample by Wilson and Spelsberg (1973) In their 
30 mm. digestion of chromatin with DNase I; upon subsequent 
electrophoresis of the extracted proteins, no changes in 
the number of counts In, or the relative mobility of, the 
3H-ovalbumin band were observed. 
F1gur. 12 shows 20-PAGE separations of IflICP after 
various times of sample digestion with DNse I and Rss. 
At zero time extensive streaking Is observed - the effect 
of polynucleotide material In the sample as described 
previously. 	After 5 mm. digestion the streaking is 
minimised and the pattern of spots Is characteristic of 
that observed for the NHCP (see figure 14 later). 	kith 
longer periods of digestion this pattern becomes less 
well-defined, the individual spots being more diffuse and 
minor spots absent. 	Thus some indication of proteolysis 
Is observed even in the presence of the protease inhibitor 
PMSF which Is included in the digestion buffer (see Materials 
and Methods). 	Evidence that proteolysis is not a 
problem for samples which are digested for only 5 mine 
can be seen from a later figure (figure 14) In which 
20-PAGE separations of two different samples of NHCP 
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Ftgure 1.2 
2D-PAGE analysis of NHCP at various times of digestion 
with nucleases. 
Chromatin was prepared from mouse liver as described In 
Materials and Methods, suspended in 0.01M Tris-HO (pH 7.4), 
5mM MgC1 2 , 0.1mM PMSF and digested for various times (see 
below) with DNase I (50ig/m1) and RNase (lOOpg/ml) before 
Immediate freezing to -70 0 C. 
Sample loads - 160kg total protein. 
0 mm. digestion 
5 " 
C) 10 N 	 N 
d) 15 	N 	 N 
e)30 " 
f)60 	 N 
2D-PAGE was as described in Materials and Methods. 
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prepared from chromatin digested for 5 mm. are shown - 
the high reproducibility observed in the separation 
of these two samples Indicates that no serious artefactual 
heterogeneity due to proteolysis has been Induced. 
The final step In the preparation of samples 
involved their lyophilisatlori and resolubilisatfon in 
sample loading buffer to a suitable protein concentration. 
While this method was quicker than other concentration 
methods some concern was felt about the resolubilisatlon 
of the non-histone proteins which are notoriously difficult 
to solubilise. 	A comparison of saline-soluble nucleoplasmic 
non-histone proteins concentrated by this method and those 
concentrated by dialysis against polyethylene glycol (by 
which method the proteins remain In solution) is shown 
In figure 13. 	The saline-soluble nucleoplasmic proteins 
and NHCP will later be shown to be very similar - this 
experiment was not carried out with NHCP because these 
proteins could not be satisfactorily concentrated to 
the extent required for 2D-PAGE by the polyethylene glycol 
method. 	Quantitative differences between the two-dimensional 
separations reflect the ease with which samples of 
suitable protein concentration may be prepared by the 
lyophilisation procedure and the difficulty in handling 
small volumes of protein solutions when concentrating against 
polyethylene glycol and dialysing against sample loading 
buffer. 	In addition some qualitative differences may be 
seen - the lyophilysed sample has one major spot (closed 
triangle) and several minor spots (around spot indicated 
by open triangle) which are absent from the sample concentrated 
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Figure 13 
2D-PAGE analysis of saline-soluble nucleoplasrnic proteins 
concentrated against polyethylene glycol or by lyophilisation. 
Saline-soluble nucleoplasmic proteins were dialysed against 
0.01M Trls-HC1 (pH 7.4), 5mM MgC1 2 , 0.1mM PMSF and 
digested with ONase I (50ug/ml) and RNase (lOOug/ml) 
for 5 mm. at 37 0 C. 	Samples were concentrated either 
against polyethylene glycol with subsequent dialysis 
against sample loading buffer. 
by lyophilisation followed by resuspension In sample 
loading buffer. 
2D-PAGE analysis as described in Materials and Methods. 
Sample protein loads: a) 100g 
b) l5Oug 
SDS - 












against polyethylene glycol. 	The absence of these 
proteins In the sample concentrated against polyethylene 
glycol may be a result of proteolysis during the extended 
dialyses steps Involved in this procedure. 
The 2D-PAGE separations obtained by the above methods 
must be shown to be reproducible before any meaningful 
interpretation of the results can be undertaken. 	2D-PAGE 
analyses of two different preparations of mouse liver NHCP 
are shown in figure 14 (a,b). 	The pattern of NHCP spots 
between the two-dimensional analyses can be seen to be 
highly reproducible. 	Minor variations do occur however. 
These are largely as a result of slight differences in the 
pH gradients of the isoelectric focusing dimension. 	These 
differences occur at high ph values, this end of the ph 
gradient being found more variable. 	Attempts to 
increase the ph range of the isoelectric focusing gels 
above pH 7.5 by using different proportions of various 
pH range ampholines were unsuccessful - although higher 
pH values could be obtained the pH gradient became more 
variable and reproducibility between different gel runs 
was poor. 	The NHCP routinely separated were those which 
focused In the isoelectric focusing dimension between 
pH 4.5 and 7.5. 	Previously reported data of other workers 
suggests that this ph range includes the majority of the 
NHCP. 	NHCP from HeLa cells analysed by Peterson and 
McConkey (1976) focused in the isoelectric focusing 
dimension within the pH range 5.9 - 7.45 	few additional 
proteins were found when the pH gradient was expanded to 
pH 5.0 - 7.8. 	The 2D-PAGE system of Barret and Gould (1973) 
-60- 
Fig ure 14 
2D-PAGE analysis of NHCPof different chromatin preparations 
from mouse liver. 
Two different chromatin preparations from mouse liver were 
analysed for NHCP content as described in Materials and 
Methods. 
Sample loads: a) 140ug total protein 
b) 	I2Sg total protein 














revealed that the majority of the NHCP of both rat and 
chicken tissues were to be found In the pH range 5 - 7. 
Isoelectric focusing studies have also shown that the 
bulk of the NHCP from rat liver have isoelectric points 
in the pH range 5 - 7 (Elgin and Bonner, 1972) while 
the majority of the nuclear proteins of rat hepatomas are 
also found in this pH range (Lea. Koch and Morris, 1975). 
A small number of NHCP components may, however, have 
isoelectric points outwith this range (Elgin and Bonner, 
1972; MacGilllvray and Rickwood, 1974). 
In the second dimension the NHCP of mouse liver can 
be seen from figure 14 to range in molecular weight from 
10,000 - 100 0 000. 	These molecular weight values correspond 
to those found by many other workers (see Introduction for 
references). 	The major species of NHCP are found within 
the molecular weight range 30,000 - 70,000. 	Many proteins 
of similar molecular weight within this range are well 
separated from each other in the isoelectric focusing 
dimension - a major advantage of this system over one- 
dimensional techniques. 	Several multiple spots are also 
seen (arrowed In figure 14a, b) which may reflect both 
groups of similar proteins and modifications to a single 
protein. 	The high reproducibility of these multiple 
spots indicates that they are unlikely to have been 
artefactually induced. 
The analysis of NHCP by 2D-PAGE can also be visualised 
by radioactive labelling of protein and subsequent 
fluorography of two-dimensional gels. 	A stained gel of 
mouse A9 cell NHCP is presented in figure l5a. 	Extensive 
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Figure 15 
2D-PAGE analysis of NHCP of mouse A9 cells. 
chromatin was prepared from mouse A9 cells and NHCP 
content analysed by 2D-PAGE and Coomassie Blue staining 
as described in Materials and Methods. 
Sample load - 125pg total protein. 
chromatin was prepared from mouse A9 cells grown in 
the presence of 35 S methionine (luCi/mi medium for 48 hr.) 
and NHCP content analysed by 20-PAGE and subsequent 
fluorography of the 20 gel as described In Materials 
and Methods. 	 - 
Sample load - 1.5 x 10 5cprn total protein 
Exposure time 32 days. 



















effort Is required in the production of the quantity 
of cells needed to yield suitable amounts of NHCP for 
their analysis by staining in two-dimensional gels. 
However the two-dimensional analysis of these proteins 
shows one major protein (56/60) and several Intermediate 
protein species (59/50, 59/75, 64/55) which may corres-
pond to those in similar positions In the two-dimensional 
analysis of mouse liver NHCP (figure 14). 	Figure 15b 
shows a photograph of a fluorogram of a similar sample 
which contained 35 S-methionine-labelled proteins. 
Several minor spots, present on the stained gel are 
absent from this analysis (e.g. those at 65/85 and 68/80; 
also 56/31 and 55/31 which are DNase I). 	These may be 
proteins which are lacking in methionine or which are 
extremely stable - hence not being labelled. 	Considerably 
finer detail in the gel containing labelled protein (b) 
can, however, be seen in the spots around 53/55. 	From 
this figure it can be seen that the NHCP of mouse A9 cells 
show similarities to those of mouse liver, ranging in 
molecular weight from 10,000-100,000, the major protein 
spcies being in the 30,000-80,000 molecular weight range. 
The two-dimensional analyses obtained with the 
above adaption of the O'Farrel (1975) system correspond 
closely to those obtained by Peterson and McConkey (1976), 
who independently have adapted this system to the analysis 
of the non-histone chromosomal proteins of HeLa cells. 
Both sets of results reveal the NHCP as highly complex 
(in the order of hundreds of components) with a wide 
range of isoelectric points and molecular weights. 
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Other two-dimensional systems using isoelectric focusing 
in the first dimension and SOS polyacrylamide gel 
electrophoresis In the second dimension have been applied 
to the analysis of the NHCP (Barret and Gould, 1973; 
MacGillivray and Rlckwood, 1074; Liew and Chan, 1976) 
and DMA-binding proteins (Jost, Lennox and Harris, 1975). 
When compared to these systems the method described In 
this thesis can be seen to offer increased resolution 
in the analysis of the complex mixture of proteins 
which constitute the NHCP. 	The analysis described here 
also improves upon the two-dimensional system of Busch's 
group (Yeoman et a] . 	1973) in which the tHCP, separated 
by on parameter (i.e. molecular weight) are crowded 
into a diagonal area running across the two-dimensional 
gel. 	In common with other two-dimensional systems 
the resolution attained is greatly Improved upon that 
obtained by ID-PAGE. 
20-PAGE has been shown both necessary for, and successful 
In, the analysis of the complex NHCP. 	Future research 
will undoubtedly lead to a further refinement in 
2D-PAGE techniques for the analysis of these 
proteins. 	In this respect the finding that normal 
I soelectric focusing in the presence of SDS can be 
achieved in polyacrylamide gels containing high concentrations 
of urea (P. Coffino, personal communication) may well 
be utilised, since the solubility of the MHCP remains 
a problem. 
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The Identity of the Non-Histone Chromatin Proteins 
The first question to which high-resolution 2D-PAGE 
analysis was applied was that of the Identity of the 
NHCP i.e. are the NHCP unique to chromatin or do they 
represent a class of nuclear proteins which are more 
closely associated with chromatin but are also found 
in the Intra-nuclear milieu (nucleoplasm)? 	This 
question could be directly answered by comparing the 
non-histone protein complement of nuclei, nucleoplasm 
and chromatin. 
Samples for 2D-PAGE were prepared from nuclei, 
nucleoplasm (the saline-soluble fraction In the 
preparation of chromatin from nuclei - see Materials and 
Methods) and chromatin. 	The resulting 20.-PAGE analyses 
are presented In figure 16 (figure 4 for nuclei). 	These 
three samples show many common nonhistone protein 
components. 	Many of these common components are present 
In different proportions In the chromatin and nucleoplesmic 
samples (e.g. those indicated by open arrows), showing 
that quantitative differences occur between these samples. 
Very few components are present in the chromatin sample 
which may be absent from the nucleoplasmic sample (e.g. 
thosc enclosed in circles). 	However several proteins 
are unique to the nucleoplasmic sample (e.g. those 
Indicated by closed arrows) which contains more individual 
protein species (a reflection of non-histone protein 
sample loads). 	The overall Impression gained from 
these gels is the considerable similarity between 
chromatin and nucleoplasmic non-histone proteins - almost 
- 
Figure 16 
2D-PAGE analysis of NHCP and saline-soluble nucleopIasmic 
proteins. 
NHCP (see legend to figure. 14a). 
saline soluble nucleoplasmic proteins (see legend to 
figure 13b). 
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all of the NHCP being represented in the nucleonlasm. 
A similar analysis to the above is shown in figure 
17. 	Figure 17a and h shows the proteins of mouse A9 
cell cytoplasm and nuclei respectively. 	The two- 
dimensional separation of cytoplasmic proteins shows 
a highly complex array of protein spots throughout the 
gel (no attempt has been made to quantify the number 
of protein species present). 	The non-histone proteins 
of mouse A9 cell nuclei are more limited in number 
(figure llb), several spots being greatly enriched In 
this sample. 	Figure 17c and d present the non-histone 
proteins of mouse A9 cell saline-soluble nucleoplasm 
and chromatin respectively. 	Very cimilar results are 
obtained to those in figure 16 - extensive homology Is 
shown between the two separations, with quantitative 
differences In homologous proteins (open arrows)j the 
nucleoplasmic sample is, however, more complex, showing 
many protein species not seen in the chromatin sample 
(e.g. closed arrows). 	Neither of these samples show 
the large spots around position 55/5 seen in the 21) analysis 
of nuclei (figure 17b) because of a differing nuclei 
preparation (Stein and Burtner, 174 for figure 17c and 
d; modified as In Materials and Methods for figure 17b). 
These results may be directly compared with those of 
t4acGlllivray and Rickwood (1974) who used identical 
procedures for the preparation of nucleoplasm and 
chromatin, but a different 20-PAGE system for the analysis 
of non-histone proteins. 	These workers found that the 
two-dimensional gel patterns of soluble nuclear 
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Figure 17 
2D-PAGE analysis of mouse A9 cell proteins. 
Cells were labelled with 35 S-methlonlne at luCi/al medium 
for 48 hrs. Proteins prepared for and run In 2D-PAGE as 
described in Materials and Methods. 
cytoplasmic proteins:- 80mM NaCl, 20mM EDTA, 1% TRITON 
(pH 7,2) and 0.15M NaCl, 0..ODI Tris-HC1 (pH 7.0) extracts 
of cells combined (see Materials and Methods). 
Sample load - 5 x IO cpm 	Exposure time - 32 days 
nuclear proteins:- nuclei prepared as described in 
Materials and Methods 
Sample load - 2 x 10b cpm 
	
Exposure time - 32 days 
nucleoplasmic proteins:- saline-soluble extract of nuclei 
(Materials and Methods) prepared by method of Stein and 
burtner (1974) 
Sample load - 1.5 x 10 cpm 	Exposure time - 32 days 
Chromatin proteins:- chromatin prepared from nuclei 
(Materials and Methods) prepared as in (c) above. 
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(nucleoplasmic) proteins differed markedly from the non-
histone proteins of mouse liver chromatin. 	Some poly- 
peptides were found to be of similar molecular weight 
and isoelectric point but they suggested that further 
analysis was required to confirm this identity. 	The 
2D-PAGE system described here offers such an Improved 
high resolution analysis, thus confirming the identity 
of many non-histone proteins in both nucleoplasmic and 
chromatin fractions, and suggesting considerable 
homogeneity between these fractions. 
Further evidence in support of this view comes 
from the extensive studies of Comings and co-workers 
(Comings and Tack, 1973; Comings and Harris, 1975; 
Comings and Harris, 1976). 	Initially, in studies 
employing 10-PAGE in the analysis of nucleoplasmic 
and chromatin non-histone proteins of mouse liver, these 
workers found many similar protein bands. 	Later 
studies, using higher resolution 10-PAGE techniques 
revealed that all the prominent non-histone proteins 
which remain bound to DA are also present in similar 
proportions In saline-EDIA and Tris washes of nuclei - 
supporting the conclusion that there is no clear 
differences between many nucleoplasmic and chromatin-
bound non-histone proteins. 	Inspection of the 
chromatin and nucleoplasmic non-histone protein separations 
by 2D-PAGE of Peterson and McConkey (1976) reveals 
considerable identity of these samples. 	Several workers 
have compared the nucleoplasmic proteins with those 
non-histone proteins which can be extracted from 
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chromatin with 0.35 	aC1. 	The general conclusion 
drawn by these workers is also that considerable 
similarity is found in the electrophoretic patterns of 
these fractions (Kostraba, Montagna and Wang, 1975; 
Banks-Schlegel et al., 1971; 	Umansky et al., 1976). 
The identity of iucleop1asmic and croriat1n 
non-histone proteins indicates that the non-histone 
proteins of the nucleus contain species with varying 
affinity to chromatin. 	The results reported here 
support the view of a fluid exchange of proteins 
between chromatin and nuc1eop1asri 	This Is not 
Inconsistent with the possible role of the NHCP in the 
control of gene transcription - regulatory proteins 
in eukaryotes may exhibit a spectrum of DNA-binding 
properties. 	Thus future searches for genetic 
regulatory elements may need to take into account, as 
well as the NUCP, the non-histone proteins present 
in the nuc1eop1asr, i.e. the total non-histone 
protein complement of the nucleus. 
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SECTION II 
Proteins of Fractionated Chromatin 
A discussion of some differences between active and 
inactive chromatin In vivo was presented earlier and will 
not be re-iterated here. 	The active fraction of chromatin 
is defined as that portion containing DNA sequences which 
are in the process of being transcribed. 	The extent 
of transcription of the non-repetitive DNA sequences of 
mouse liver has been estimated at around 5% (Grouse, 
Chilton and McCarthy, 1972). 	Measurements of the homology 
between total cell RNA and DNA by DNA-RNA hybridisation 
indicate that around 10% of the base sequences of 
eukaryotic cell DNA are represented in the population 
of RNA sequences of the eukaryotic cell (Davidson and 
Britten, 1973). 	Therefore studies on Isolated whole 
chromatin necessarily represent studies on the properties 
of the inactive (>90%) portion of the genome. 	A 
prerequisite of studies on the active fraction of 
chromatin Is its separation from the majority of the 
chromatin, allowing more detailed studies into the 
possible roles of the NHCP in the structure of active 
chromatin and the control of gene transcription. 	An 
analysis of the NHCP content of fractionated chromatin 
is presented later in this section after a discussion 
of chromatin fractionation techniques. 
A wide variety of methods have been used to 
fractionate chromatin into active and inactive portions. 
The general approach has been to fragment chromatin to 
a size smaller than the average transcriptional unit, 
-68- 
since active and inactive fractions are thought to be 
interspersed (Frenster, 1965). 	To achieve this 
chromatin has often been fragmented by random shearing, 
either by sonication, extensive homogenisation or 
passage through a small orifice at high pressure. 	This 
method is random and may be non-selective and 
therefore chromatin must be extensively sheared before 
fragments containing predominantly active chromatin 
are released. 	Fractions of chromatin, putatively 
active and inactive, have subsequently been separated 
on a physical basis by a number of techniques - differential 
centrifugation (e.g. Frenster, Alifrey and Mirsky, 1963; 
Yasmlneh and Yunis,1969; Duerksen and McCarthy, 1971), 
sucrose or  glycerol density gradient centrifugation (e.g. 
Duerksen and McCarthy, 1971; Rodriguez and Becker, 1976a), 
lsopycnlc centrifugation (Rickwood et al,,1914), gel 
exclusion chromatography (Janowski,, Nasser and McCarthy, 
1972). ion-exchange chromatography (e.g. Reeck, Simpson 
and Sober, 1972), salt precipitation (Marushige and 
Bonner, 1971) and partition in two phase aqueous polymer 
systems (Turner and Hancock, 1974). 
It is not possible here to review Individually the 
evidence presented bearing on the validity of the 
fractionations obtained by workers using the above 
techniques. 	Several criteria for valid fractionations 
have been presented, each of which has drawbacks. 
Active chromatin would be expected to be enriched for 
both endogenous RNA polymerase and nascent RNA. 
However RNA polymerase is present only In small quantities 
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in chromatin and is readily detached during the 
manipulation of chromatin as Is a large proportion of 
nascent RNA. 	Redistribution of these molecules during 
chromatin preparation and/or fractionation might there-
fore easily take place; hence lack of these molecules 
cannot be regarded as lack of activity In transcription. 
The increased ability of a chromatin fraction to be 
transcribed with exogenous bacterial RNA polymerase has 
been taken as indicative of active chromatin. 	However 
deproteinised DNA Is an excellent template for bacterial 
RNA polymerase and therefore, If the chromatin preparation 
and fractionation procedure had caused any loss of protein 
from DNA, template activity measurements would be mis- 
leading. 	Loss of protein might also lower the melting 
temperature of a chromatin fraction - a lower melting 
temperature is often assumed to be an Indication of less 
condensed (active) chromatir. 	Depletion in satellite 
DNA content has been quoted as characteristic of active 
chromatin. 	Satellite DNA has long been associated with 
heterochromatin which Is thought to be transcriptionally 
Inactive (Pardue and Gall, 1970). 	Failure to detect 
satellite DNA in a chromatin fraction may merely reflect 
the absence of heterochromatin containing satellite DNA 
from that fraction. 	No information can be gathered 
about the bulk of the heterochromatin which does not 
contain satellite DNA. 
A good example of the difficulties of establishing 
criteria for the purity of active chromatin is given by 
Krieg and Wells (1976). 	These workers fractionated 
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chromatin (sheared in a French pressure cell) from purified 
populations of chick erythroid cells by gel exclusion 
chromatography into two fractions which showed many of the 
properties of active and inactive chromatin. 	Thus the 
"active" fraction showed a lower melting profile and 
preferential association of nascent RNA. 	Krieg and 
Wells synthesised cDNA probes to the DNA sequences of 
globin genes which are active In erythroid cells and 
to keratin genes which are Inactive In these cells. 
They then hybridised these probes to "active" and "inactive" 
chromatin DNAs and found only a slight enrichment for 
globin gene sequences relative to the DNA content of the 
"active" fraction. 	An equal distribution of keratin 
gene sequences between "active"and "inactive" fractions 
was found. 	The presence of globin gene s equences in 
inactive' chromatin may be explained by the supposition 
of multiple forms of globin genes, not all of which are 
active. 	The finding that keratin gene sequences are 
present in the "active" fraction of chromatin, however, 
questions the validity of the fractionation of chromatin 
Into active and inactive material. 
A second approach which avoids the problem of shear 
forces is the limited digestion of chromatin with nucleo-
lytic enzymes. 	The rationale behind this approach is 
that active chromatin is thought to exist in a more 
extended form, being more accessible to endogenous RNA 
polymerase and also more accessible to nucleases than 
inactive chromatin. 	Thus limited digestion with nucleases 
should preferentially excise active chromatin which may 
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then be separated from the bulk of the chromatin. 	The 
effects of micrococcal nuclease digestion on chromatin 
have already been described (see Introduction). 	Two 
fractions of chromatin can be prepared by digestion with 
Staphylococcal nuclease and metrizamide density gradient 
centrifugation (Paul and Malcolm, 1976). 	The base 
sequence complexity of the DNA from these fractions Is 
not distinguishable from thatof total DNA and there is 
no evidence of any concentration of DNA sequences 
complementary to polysomal polyadenylated RNA molecules. 
This suggests that no fractionation into active and 
inactive chromatin is obtained. 	On the other hand there 
is now evidence that transcriptionally active chromatin 
can be selectively digested using DNase I. 	Limited 
digestion of the DNA of isolated nuclei with DHase I 
preferentially removes globin DNA sequences from nuclei 
obtained from chick red blood cells but not from nuclei 
obtained from fibroblasts, brain or red blood cell 
precursors (Weintraub and Groudine, 1976). 	Similarly 
treatment of oviduct nuclei from the laying hen with 
pancreatic DNase I results in the preferential digestion 
of over 70% of the ovalbumin gene sequences when only 
10% of the total nuclear DNA has been solubilised 
(Garel and Axel, 1976). 	In both cases no specific 
digestion of transcriptionally active chromatin was 
observed in similar digestions with micrococcal nuclease. 
At present, however, the nature of the digestion products 
of the above DNase I digestions is unknown. 	A major 
disadvantage of the application of these findings to 
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chromatin fractionation studies may be that the DNA of 
only one fraction (i.e. the nuclease-resistant one) 
is obtained, that of the nuclease-susceptible trans-
criptionally-active fraction being destroyed during 
the separation. 
Endogenous nucleolytic activities in chromatin have 
also been used In attempts to prepare active and inactive 
chromatin fractions. 	Thus mouse lIT hepatoma chromatin 
incubated In the presence of added MgC1 2 and CaC1 2 , but 
In the absence of added exogenous nucleases, can be 
fractionated by glycerol density gradient centrifugation 
Into putatively Inactive and active chromatin (Paul and 
Duerksen, 1976a 9 b). 	This method yields chromatin 
fractions which retain their native beaded structure as 
determined by electron microscopy, but the evidence for 
an active/inactive chromatin fractionation is based upon 
satellite DNA content and nascent RNA distribution and 
hence cannot be regarded as rigorous for the reasons 
expressed previously. 
A further nuclease digestion procedure applied to 
the fractionation of chromatin is that of Gottesfeld et al, 
(1974). 	Rat liver chromatin is selectively sheared 
by limited digestion with DPlase II, the released portion 
being further fractionated on the basis of its solubility 
in 2mM MgC1 2 . 	Three fractions are obtained by this 
procedure - P1, undigested chromatin, containing 85% of 
the total DNA; P2, digested MgC1 2-insoluble chromatin, 
containing 4% of the total DNA; 52, digested MgC1 2 -soluble 
chromatin, containing 11% of the total DNA. 	Convincing 
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evidence now exists that fraction S2 represents the 
transcriptionally active portion of chromatin. 	This 
fraction exhibits many of the previously discussed 
properties of active chromatin such as enrichment 
for nascent RNA and high template activity. 	DNA 
renaturation studies show the fraction S2 Is composed 
of a specific subset of whole genomal DNA sequences. 
In addition, DNA-RNA hybridisation studies indicate 
that almost 60% of the non-repetitive DNA sequences of 
this fraction hybridise to total liver RNA (assuming 
asymmetrical transcription), an enrichment of 5-6 fold 
over the total DNA of the genome. 
More recently Gottesfeld, !turphy and Bonner (1975) 
have shown that both transcriptionally inactive (P1) and 
active (S2) fractions of chromatin contain nuclease-
resistant structures. 	Those of inactive chromatin are 
DNA-hlstone complexes; however, those of active chromatin 
are complexes of DNA, RNA, histone and non-histone protein. 
Thermal denaturation and circular dlchrolsm studies also 
suggest that active chromatin is In a more extended 
DNA-like conformation than inactive chromatin (Gottesfeld 
et aL,1975). 	These results indicate that there is 
indeed some difference in the structural organisation of 
active and Inactive chromatin. 
The ONase II digestion method was adopted for the 
fractionation of chromatin. 	The rationale for the following 
studies In this thesis Is based on the assumption that 
differences In chromatin structure would be reflected 
in chromatin proteins, particularly the HHCP. 	Thus, 
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after fractionation of chromatin by the above DNase II 
method, the proteins of putatively active and inactive 
chromatin were analysed by ID-PAGE and 2D-PAGE techniques. 
The percentages of total DNA and protein In 
the various fractions of mouse liver and mouse A9 cell 
chromatin dloested with DNase II (Materials and Methods) 
are presented in table 2a and b. 	The total amount of 
DNA digested (P2 + S2) In mouse liver chromatin was 
found to be approximately 25%, 10% of which was soluble 
in 2mPl MgCl ? * 	The comparable figures for mouse A9 
:ell chromatin were 58% and 7% respectively. 	Thus 
while the amount of DNA In the S2 fraction was comparable 
to that found by Gottesfeld et al. (1974), the total amount 
of DNA digested (P2 + S2) was areater. 	Digestion of 
the chromatin of Friend Erythroleukaemfa cells with 
DNase IT yielded a 15% digestion of total DNA, 5% of 
which was found In the S2 fraction (Lau and Ruddon, 1977). 
Lysed hen oviduct nuclei digested with DNase II by a modified 
procedure gave a 48% digestion of DNA, 5% of which was 
again found in the S2 fraction (Hemminki, 1975b). 	It 
is apparent that while fairly large variations do occur 
in the amount of total DNA digested, the results presented 
here and those of other workers show that the amount of 
DNA In the MCI 2-soluble digested fraction of chromatin 
Is fairly constant (5-11% of the total DNA). 
The variation in the total amount of DNA digested 
may well result from small variations In experimental 
procedure. 	Gottesfeld at al. (1975) have shown that, 
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TABLE 2b 
Mouse A9 cells were grown in the presence of 3 S-methionine 
(lC1/ml. medium) and 3}1-thynidine (1iC1/ml. nedlurn) for 
48 hr. 	Cells were harvested, chromatin prepared and 
digested with UNase It as described in Materials and 
Methods. 	Aliquots of the resulting fractions were used 
to determine 
35_ and 3 H- radioactivity by double-label 
scintillation counting with correction for spillover. 
Control values signify those for chromatin fractions 
obtained in the absence of UNase II. 
CHROMATIN FRACTION 	% TOTAL DNA 	% TOTAL PROTEIN 
P1 41.6 44.2 
P2 51.5 32.7 
$2 6.7 22.0 
CONTROL P1 	 99.1 	 85.5 
CONTROL P2 - - 
CONTROL $2 	 0.3 	 14.4 
Figures given are averages of two determinations. 
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for a given ratio Of enzyme concentration to DNA, the 
extent of DNA digestion is highly time-dependent, the 
amount of DNA in fraction P2 after 7 mm. digestion 
being 4 times that after 5 mm. digestion. 	Alternatively 
the extent of digestion may vary with the state of 
chromatin prepared by various techniques. 	In the present 
study chromatin was subjected to an identical treatment 
as that for DNase II digestion but without the addition 
of the enzyme. 	In this control experiment 15% of 
the total DNA of mouse liver chromatin was solubilised, 
5% of the total DNA being found in the 52 fraction. 
In a similar control experiment with mouse A9 cell 
chromatin no such solubilisatlon of DNA was found. 
The cause of this solubilisation of mouse liver chromatin 
DNA is undetermined and no similar control experiments 
have been reported by other workers. 	It is possible 
that this effect is a result of the preparation method 
of mouse liver chromatin (see Materials andMethods) 
which includes steps in which 3mM CaC1 2 is present. 
Upon subsequent incubation of chromatin prepared by this 
method, endogenous Ca+l/Mg_mnduced  endonucleases may 
be activated leading to autodigestlon of chromatin. 
Similar phenomena have been reported by other workers 
(Paul and Duerksen, 1976a,b; Urbanczyk and Studzinskl, 
1974). 	Since the chromatin of mouse A9 cells Is not 
exposed to Ca++  or Mg 	during preparation no similar 
phenomenon would be expected. 
The protein content of the various fractions of 
chromatin obtained by ONase TI digestion was analysed. 
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Figure 18 shows a ID-PAGE analysis of mouse liver total 
chromatin proteins, fractions P1. P2 and S2 proteins 
and their respective controls done in the absence of 
ONase H. 	Fraction P1 and its control show Identical 
protein banding patterns to the total chromatin protein 
sample both with respect to histone and non-histone 
proteins. 	This is to be expected since these fractions 
constitute some 75% and 85% of the total chromatin 
respectively. 	Fraction P2 is depleted in NHCP, but 
shows the standard complement of histones. 	The 
control fraction P2 is also depleted in NHCP, shows 
no histone HI 9 but may Include the lower molecular 
weight histones (the presence of RNase In the sample 
obscures these). 	A similar situation Is found in 
fraction S2 and its control i.e. these samples appear 
to be deficient In histone II, but may include some 
of the lower molecular weight histones. 	The presence 
of histones in the control samples P2 and S2 suggest 
that some autodigestion of chromatin as discussed 
previously has taken place. 	The control fraction S2 9 
when compared to total chromatin, shows an altered 
banding pattern from that of total chromatin, 	Fraction 
S2 shows a double band of high molecular weight (closed 
arrow) which is absent from all other fractions and the 
total chromatin protein sample. 	This represents the 
DNase II used in the digestion - in this and all 
subsequent analyses of DNase IT-digested mouse liver 
chromatin and nuclei, 3Lase II was found to remain In the 
supernatant fractions after centrifugation and hence was 
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Figure 18 
ID-PAGE analysis of fractions of DNase 11-digested chromatin. 
Mouse liver chromatin was prepared, digested with DNase II 
and the resulting fractions prepared 	for ID-PAGE as 
described In Materials and Methods. 	Control fractions are 
those obtained in the absence of DNase II. 
Sample slots:- 
total 	chromatin proteins 	(lOizg) 
fraction P1 	proteins 	(80pg) 
control 	fraction P1 	proteins 	(75ug) 
fraction P2 proteins 	(45pg) 
control 	fraction P2 proteins 	(20ug) 
fraction S2 proteins 	(OMg) 
control 	fraction 52 	proteins 	(40i9) 
Closed arrow is ONase 	II 
Figures given are molecular weight x 
DNase I and RNase are present as a 	result of their use 	in 
sample preparation. 
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found in the 2 fraction. 
The major finding in this analysis is that of two 
prominent bands (open arrow) of molecular weiciht 
approximately 45,000 in the 52 fraction. 	These bands 
are enriched in this fraction over both the control 52 
and P1 fractions. 	Thus specific MW components can 
be demonstrated to be enrichec in the 52 fraction. 
The chromatin fractions analysed above were also 
subjected to 2D-PACE. 	Fraction P2 and its control 
fraction were not analysed ho'ever since these fractions 
could be seen from 10-PACE to be deficient in £!ICP. 
Figure 19 presents 20-PACE analyses of fraction P1 
and the control fraction P1. 	The analyses of fraction 
Fl and control fraction P1 can be seen to be sinilar 
and correspond closely to those of total chromatin 
presented in figure 14. 	Some differences were observed 
between these fractions. 	Fraction P1 contains protein 
spots of high isoelectric point which are absent from 
control fraction P1 (e.g. 	-(7/!fl-5). 	One intermediate spot 
(55/80) is possibly present in control fraction P1 but 
absent from fraction P1. 	Pifferences may also exist 
at low molecular weight values 	control P1 may be 
enriched for spots around 3/25) but these are more 
difficult to determine because of the poorer quality 
of the gel containing the control P1 sample in this 
region. 
Fractions 52 and control 52 contain only 10 0, and 
E% of the total chromatin proteins respectively. 	Part 
of these figures is represented by histones - it thus 
SM 
Figure 19 
2D-PAGE analyses of fractions of DNase 11-digested chromatin. 
Mouse liver chromatin was prepared, digested with DNase II 
and the resulting fractions prepared for 20-PAGE as 
described in Materials and Methods. 	Control fractions 
are those obtained in the absence of DNase II. 
Samples: - 
P1; sample load 200p9 total protein 
control P1 (minus enzyme); sample load 180ig total protein 
Arrowed spots are Dl4ase I. 
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proved difficult to obtain sufficient of these samples 
for analysis by 2D-PAGE. 	However analyses of these 
samples are shown in figure 20. 	Fraction S2 shows 
significant enrichment of several spots (closed arrows) 
over the analysis of fraction P1 (fig. 198). 	Most of 
the protein spots enriched In 52 can be seen to be 
absent from control S2 (e.g. at 63/35, 55/29, 54/55). 
Thus again enrichment for specific NHCP components In 
the S2 fraction of DNaseII digested chromatin has been 
demonstrated. 	The spots Indicated by the open arrows 
are ONase II (determined by an analysis of a sample 
containing DNase I! alone). 
The above analyses were repeated with chromatin 
prepared from mouse A9 cells grown In the presence 
of 355methconine (1Ci/m1 medium) and 3H_thymldine 
(ICl/ml. medium) for 48 hrs. 	This was necessary since 
later studies of the proteins of nuclear rlbonucleo-
protein complexes were carried out using these cells 
(no success was achieved in attempts to prepare these 
complexes from mouse liver - see later). 	3Hthymidine 
was included in the chromatin fractionation studies 
to facilitate measurement of the DNA in chromatin 
fractions. 
A ID-PAGE analysis of the fractions of mouse A9 
cell chromatin digested with DNase TI is presented in 
figure 21. 	Fractions P1 and control P1 are again 
similar and show considerable homogeneity with fraction 
P2 (In the absence of UNase II no P2, i.e. control P2, 
fraction was obtained). 	Histones are present in all 
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Figure 20 
20-PAGE analyses of fractions of DNase 11-digested chromatin. 
Mouse liver chromatin was prepared, digested with DNase II 
and the resulting fractions prepared for 20-PAGE as 
described In Materials and Methods. 	Control fractions 
are those obtained in the absence of DNase II. 
Samples: - 
S2; sample load 100g total pro.teln 
control S2; sample load 8Opg total protein 
Open arrows are ONase II 
Closed arrows are those proteins enriched in the S2 fraction. 
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ID-PAGE analysis of fractions of DNase II-digested chromatin. 
Mouse A9 cells were grown in the presence of 35S-methlonlne 
(lCi/ml medium) and 3H-thymidine (lC1/m1 medium) for 48 hr. 
Chromatin was prepared, digested with DNase II and the 
resulting fractions prepared for ID-PAGE as described In 
Materials and Methods. 	Control fractions are those 
obtained in the absence of DNase II. 
Sample slots:- 
a) 	and b)  approximate sample loads 	1 and 1.5 	x 	10 4 cpm 
35 S 
respectively. 
c)  approximate sample load 	5.5 x lO 	cpm 35 S. 
d) 	and e) 52; approximate sample loads 	5 and 7.5 	x lO 	cpm 
35 s respectively. 
 control 	P1; 	approximate sample load 	1.5 	x 	10 4cpm 	35 S 
 control 	S2; 	approximate sample load 	1 x 	IO 	cpm 	
35  S 
Exposure time 21 days. 	Fluorography as described in 







three of those fractions. 	Fraction S2 and the control 
fraction S2 are also very similar. 	These fractions 
can be seen to be depleted in histones and show some 
differences In NHCP complement at high molecular weight. 
A major feature of comparison of these samples is 
quantitative differences in NHCP bands in the molecular 
weight range around 50 	60,000 (arrowed). 	in general 
differences in NHCP complement are not as clear as those 
which can be seen for mouse liver chromatin In figure 
18. however fraction S2 does seem to be enriched over 
fractions P1 and control S2 for specific NHCP bands 
in the above molecular weight range. 
Analyses by 2D-PAGE of fractions P1 and P2 of 
mouse A9 cell chromatin after UNase II digestion are 
presented In figure 22. 	Fraction P1 is similar to 
that of total mouse A9 cell chromatin presented 
earlier (figure 15b), as was Its control fraction P1. 
Fraction P2 shows quantitative differences from P1. 
Thus spots at 60 and 58/70 may be depleted as may be those 
around position 54/55. 	In the absence of DNase II no 
control P2 fraction was obtained. 	Fraction P2 may 
thus represent a defined portion of chromatin digested 
by UNase II and depleted in NHCP. 
A dark shading effect can be seen at the higher end 
of the pH gradient and in the lower molecular weight 
range of the SUS dimension. 	This material is thought 
to be 3H-DNA and Its breakdown products (see section 1). 
All gels containing 35S-labelled proteins were impregnated 
with PPO before fluorography, this method being ten times 
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Figure 22 
2D-PAGE analyses of fractions of DNase 11-digested chromatin. 
Mouse A9 cells were grown In the presence of 35S-aiethlonine 
(hiCi/ml medium) and 3H-thymldlne (lC1/ml medium) for 
48 hr. 	Chromatin was prepared, digested with Dt4ase II and 
the resulting fractions prepared for 2D-PAGE as described 
in Materials and Methods. 
P1; sample load 4 x IO cpm 35 S. 40 day exposure 
P2; sample load 2.5 x 10 cpm 35• 40 day exposure 


























more sensitive than conventional autoradiography (Bonner 
and Laskey, 1974). 	The method increases the sensitivity 
of detection of 3H, however, some 500-fold and makes 
the detection of 3 H almost as efficient as the 
detection of 35 S by conventional autoradiography. 
The shading of the films shown In figure 22 does 
not seriously interfere with the analysis of 35S-labelled 
proteins. 
Figure 23 presents 20-PAGE analyses of the S2 
fraction of DNase 11-digested mouse A9 cell chromatin 
and its corresponding minus enzyme control fraction. 
When compared with fraction P1 9 fraction S2 is enriched 
for NHCP in the region 52-56/45-60. 	Comparison 
with the control S2 (minus DNase II) fraction indicates 
that this enrichment is also seen for some spots in 
the control fraction. 	A significant difference between 
the S2 fraction and the control S2 fraction is an 
enrichment for three NHCP spots in the 50-60,000 
molecular weight range (arrowed). 	This corresponds 
to an enrichment for proteins of this molecular weight 
in the S2 fraction of mouse A9 cell chromatin as 
analysed by 10-PAGE (figure 21). 
From this series of analyses It can be seen that 
enrichment for particular NHCP species in fraction S2 
of DNAse 11-digested chromatin over fraction P1 is 
observed (e.g. bands at molecular weight 40,000 and 
55,000 in figures 18 and 21, arrowed spots In figures 
20 and 23). 	The situation is complicated, however, when 
the results of the minus enzyme contol experiments are 
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Figure 23 
2D-PAGE analysis of fractions of DNase 11-digested chromatin. 
Mouse A9 cells were grown in the presence of 35 S-methlonlne 
(liiCi/ml medium) and 3H-thymidlne (l.pCi/ml medium) for 48 hr. 
Chromatin was prepared, digested with DNase II and the 
resulting fractions prepared for 2D-PAGE as described 
in Materials and Methods. 
Samples: - 
S2; sample load 2.25 x 10 cpm. 	Exposure time 40 days. 
control S2 (minus enzyme) 4 x 10 cpm. 	Exposure time 
40 days. 
Fluorography as described In Materials and Methods. 	No 
DNase II is seen in this analysis, since only labelled 
proteins are revealed by fluorography. 
Closed arrows indicate those proteins enriched in the S2 
fraction. 
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taken into account. 	In mouse liver chromatin, some 
autodigestion of chromatin may have taken place and the 
results for the DNase II digested chromatin must be 
viewed against a background of material (DNA and protein) 
released into the S2 fraction in the absence of DNase II. 
The results of other workers suggest that the chromatin 
released during autodigestion is enriched for active 
chromatin (Paul and Duerksen 1976a,b) and hence such 
autodigestion, if occurring, might reinforce the 
separation obtained by ONase II. 	In the analysis of 
mouse A9 cell chromatin a considerable portion of protein 
is released into the minus enzyme control $2 fraction 
without any release of DNA. 	Possible reasons for this 
finding will be discussed In section III of this 
chapter. 	Despite these complications specific NHCP 
components can be demonstrated to be enriched in the 
$2 fraction. 
In the study of the proteins of fractionated 
chromatin, the possibility of protein redictribution 
during the fractionation procedure must be taken Into 
account. 	The use of shear forces has been found to 
Induce movement of histones in chromatin (e.g. 
Doenecke and McCarthy, 1976). 	Under some conditions 
of nuclease digestion of chromatin released proteins 
may aggregate onto undigested DNA or even degraded 
DNA (Itzhakl, 1974). 	Although the DNase II digestions 
described here were carried out under Ionic conditions 
reported to cause minimal redistribution of proteins 
(Gottesfeld et al., 1974; Billing and Bonner, 1972) 
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it was felt important to attempt to determine whether 
any non-specific release or re-distribution of proteins 
could be detected during the digestion procedure. 
The first experiment designed to detect redistribution 
of proteins during DNase II digestion of chromatin 
involved the addition of extraneous labelled DNA to 
mouse liver chromatin during digestion. 	The rationale 
behind this experiment lay in the supposition that 
protein redistribution might involve proteins being 
released during digestion from chromatin and re-bound at 
another site. 	Such proteins could bind to extraneous, 
labelled, protein-free DNA and protect that DNA from 
digestion by DNase. 	The full experimental procedure of 
this experiment is Included in the legend to figure 24. 
Briefly, 4 C-labelled DNA from mouse A9 cells was added 
to mouse liver chromatin samples during DNase II digestion. 
A minus enzyme control, digestion of mouse liver chromatin 
and mouse A9 cell DNA alone and their minus enzyme controls 
were also Included. 	Immediately after digestion DNA 
was prepared from these samples for DNA-agarose gel 
electrophoresis. 	Figure 23A presents an ethidium 
bromide-stained gel of these samples. 	Slot a represents 
the pattern produced by mouse liver chromatin digested 
with DNase II. 	The minus enzyme control sample is 
presented in slot b. 	The characteristic banding pattern 
produced by the action of nucleases on chromatin can be 
seen in slot a. 	In the absence of DNase II most of 
the DNA remains at the top of the gel and this is of 
high molecular weight. 	Slots c and d present the identical 
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Figure 24 
DNA-agarose gels of DNase II digestion of chromatin and 4C-DNA 
Mouse liver chromatin and 4 C-labelled DNA were prepared 
as described In Materials and Methods. 	Chromatin was sus- 
pended and dialysed overnight as for DNase II digestion 
(Materials and Methods) and subsequently adjusted to a con- 
centration of 20 A260nm with 25mM NaAcetate, pH 6.6. 	Chromatin 
was further diluted to 10 A260flm with 25mM NaAcetate alone 
or containing 14 C-DNA. 	Similarly 4C-DNA in 25mM NaAcetate 
was diluted xJ with 25mM NaAcetate. 	These three solutions 
were then digested with DNase II as described in Materials and 
Methods; samples were also treated in an identical fashion 
but minus enzyme. 	DNA was Isolated from these samples and 
run in DNA-agarose gels as described in Materials and Methods. 
Samples: - 
DNase II digested chromatin (5i.tg DNA) 
minus enzyme control chromatin (4pg DNA) 
C) ONase II digested chromatin and 14 CDNA (Sue DNA, 270cpm 14 C) 
d) minus enzyme control chromatin and 14 C DNA (5pg DNA, 
400 cpm 
 DNase II 	digested 	14C-DNA (250 cpm 
 minus enzyme control DNA (600 cpm 	14C) 
Photograph under UV illumination. 
Fluorograph of above. 	Fluorography as described in 
Materials and Methods. 	Exposure time 30 days. 	Specific 
activity 4 C-DNA was 400 c.pm/g.  
p 1 
samples to slots a and b respectively but mouse A9 cell 
DNA was included in these samples. 	Similar results 
are found - mouse liver chromatin and mouse A9 cell 
DNA digested with DNase I1 shows a range of DNA of 
varying molecular weight; in the absence of DPlase II 
most of the DNA remains of high molecular weight. 
Slots e and f show DNase II-digested and undigested 
mouse A9 cell chromatin respectively - again the 
high molecular weight DNA in the undigested sample is 
absent from that treated with DNAse II. 	After photography 
under UV illumination this gel was processed for sub- 
sequent fluorography. 	Figure 248 shows the resulting 
fluorogram. 	Slots a and b contained no 4C-lahelled 
DNA and hence are absent from the fluorogram. 	Slots 
d and I' represent undigested 14 C-thymidlne DNA in the 
presence of mouse liver chromatin and on its own 
respectively. 	Slots c and e contained 14 C-thymidine 
DNA digested with DNase II in the presence and absence 
of mouse liver chromatin respectively. 	In both cases 
the high molecular weight DNA present In the control 
slots (d and f) is absent, indicating the digestion of DNA. 
Hence even In the presence of mouse liver chromatin, 
extraneous DNA is completely destroyed suggesting that 
no protein has been released from the chromatin and 
bound to the extraneous labelled DMA during the digestion 
procedure. 
An alternative method to detect redistribution of 
protein during DNase IT digestion was also attempted. 
This was considered necessary since protein redistribution 
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could be caused by the "sliding' of proteins along chromatin 
(without their complete removal and re-binding). 	Such 
a phenomenon might lead to these proteins binding to a 
site in chromatin with a different affinity than they would 
exhibit at their original site. 	These proteins might 
therefore be detected by the Ionic strength with which 
they were dissociated from digested chromatin as opposed 
to undigested chromatin. 	An experiment, based on binding 
affinities, was designed to detect such differences. 
The proteins released from the P1 fraction of DNase II-
digested mouse liver chromatin and from undigested mouse 
liver chromatin at various concentrations of NaCl were 
analysed by 1D-PAGE (figure 25). 	Slots marked P1 represent 
DNase 11-digested mouse liver chromatin fraction P1, those 
marked C mark untreated chromatin. 	The total protein 
content of these samples has already been shown to be 
Identical under ID-PAGE (figure 18). 	Slots A represent 
the 0.15M NaCl wash of these samples, slots P and C the 
0.30M and 0.50M NaCl washes respectively. 	Slots D 
represent the protein content of the residual material 
after these washes. 	The proteins released from both these 
samples at the various salt concentrations can be seen to 
be identical; the differences observed between the samples 
in slots D represent quantitative differences In sample 
load. 
Some comments on the release of proteins from these 
samples might be made. The amount of protein released 
at each stage from digested P1 and undigested chromatin 
Is given in Table 3. Some NHCP are released at low salt 
TABLE 3 
haCi dissociation experiment 
For full experimental procedure see legend to figure 25. 
Figures quoted are standard deviations around a mean (of three determinations). 
% Protein released 
CO 
OD 
• 	 Treatment  
Undigested chromatin 	Chromatin fraction P1 
0.15M NaCl wash 19.1 + 4.2 23.2 -1- 	6.8 
0.30M NaCl wash 25.9 + 	7.1 23.9 + 	1.0 
0.50M NaCl wash 30.9 + 2.6 33.1 + 8.5 
chromatin residue 25.1 + 4.0 20.5 + 0.4 
Figure 25 
NaCl dissociation of DNase IItreated chromatin fraction P1 
and untreated chromatin. 
Mouse liver chromatin was prepared and digested with DNase II 
as described In Materials and Methods. 	Untreated chromatin 
and fraction P1 of DNase 11-digested chromatin were sus-
pended by homogenisation in 0.1514 NaCl, 0.01M Trls-HC1 
(pH 7.5), 5mM MgC1 2 , 0.1mM PMSF. 	The solutions were 
centrifuged at 1,000xg for 10 mm. The supernatants were 
retained and the pellets resuspended in the above solution 
at 0.3014 NaCl. After centrifugation this procedure was 
repeated with 0.5014 NaCl. 	The resulting NaCl washes and 
the residual pellets were prepared for analysis by 10-PAGE. 
Samples: - 
P1 A - 0,1514 NaCl wash of P1 fraction (65ig total protein) 
P1 	a - 0.3014 	 itU if 	 (55iç 	 ) 
P1 	C - 0. 5014 it 	a 	if (65ig  
P1 D - residual material after NaCl washes of P1 fraction 
(50iig total protein) 
CA - 0.1514 NaCi wash of untreated chromatin (SOug total protein) 
CB - 0.3014 	 0 	 (5511g 	R 	 N 	) 
CC - 0.5014 	N 	 U 	fl 	 N 	 N 	(SOig 	0 	 ) 
CD - residual material after salt washes of chromatin 
(45kg total protein) 
Sample preparation was as described In Materials and Methods, 
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concentrations - it is well known that continued washing 
of chromatin removes NHCP. 	The majority of different 
NHCP species, as can be seen from figure 25, are washed 
from chromatin only by 0.5M NaCl or remain attached 
to chromatin after this treatment indicating a strong 
association of these proteins with chromatin. 	The 
first evidence of histones being removed occurs in the 0.5M 
NaCl wash (although DNase and RNase obscure the presence 
of these proteins histone Hi and the lower molecular 
weight histones can be seen). 	Most of histone Hi is 
removed from these samples by 0.50fl NaCl, a large amount 
of the other histones remains attached even after these 
salt treatments. 	The similarity between the proteins 
(histones and NIICP) released by the various salt treat-
ments of the P1 fraction of DNase 11-digested and 
untreated mouse liver chromatin suggests that no protein 
redistribution leading to proteins binding with differing 
affinities to sites in chromatin other than their original 
site has taken place. 
As tested by the above methods no protein redistribution 
during the digestion of chromatin could be detected. 
These experiments do not rule out the possibility of 
redistribution of protein during the step Immediately 
prior to the digestion of chromatin i.e. the preparation 
of chromatin from nuclei. 	As a check for this chromatin 
was digested in situ in nuclei and the proteins of the 
resulting chromatin fractions examined to determine if 
these showed similar enrichments for specific NHCP. 
The DNA and protein contents of the various fractions 
-89- 
of mouse liver and mouse A9 cell nuclei obtained by 
digestion with DNase II for 5 mm. are shown in Table 4a 
and b. 	The total amount of DNA digested (P2 + S2) in 
mouse liver nuclei was approximately 15%, In mouse A9 
cell nuclei the comparable figure was 10%. 	These figures 
are lower than the figures for the respective chromatins 
(table 2a,b) - this may reflect the lower accessibility 
of chromatin in nuclei to DNase II. 	The amounts of 
DNA in the S2 fractions were also decreased (3% for 
mouse liver nuclei, 0.5% for mouse A9 cell nuclei). 
Longer digestion times were not attempted because 
of concern over proteolysis during prolonged digestion. 
In the case of the minus enzyme control experiments very 
little solubilisatlon of DNA was observed. 	Both S2 and 
control S2 fractions show increased amounts of protein 
over their corresponding fractions in chromatin (Table 2) - 
these fractions contain the proteins of the nucleoplasm, 
which are normally removed from the chromatin preparations. 
The protein contents of the various fractions of 
DNase IT-digested mouse liver nuclei were analysed by 
ID-PAGE (figure 26). 	In the case of the DNase II digestion 
of intact nuclei the presence of nucleoplasmic proteins 
not tightly bound to chromatin must be taken into account. 
Many of these would be expected to be released into the 
S2 fraction simply as a result of the processing of nuclei 
for DNase II digestion. 	Hence differences between the 
S2 and P1 fractions cannot be taken as differences between 
different fractions of chromatin. 	In these studies only 
differences observed between the nuclear fractions and 
-go- 
TAI'LF 4A 
Mouse liver nuclei (Materials and Methods) were digested 
as for chromatin with DNase II and the DNA and protein 
contents of the various fractions determined as described 
in Materials and Methods. 	The figure in fraction S2 was 
corrected for the presence of ONase II. 	Control values 
signify those for nuclear fractions obtained In the 
absence of ONase II. 
Figures given are averages of three determinations. 
NUCLEAR FRACTION 	S TOTAL DNA 	S TOTAL PROTEIN 
P1 
P2 12.1 14.7 
S2 3.3 40.0 
CONTROL 	P1 
CONTROL P2 1.2 4.2 
CONTROL 	52 - 35.7 
-91- 
TAUE 4 
Mouse A9 cells were grown in the presence of 
35S-methlonine (lpCi/ml. medium) and 
3 H-thymldine 
	
(lpCl/ml. medium) for 48 hr. 	Cells were harvested, 
nuclei prepared and dlgested(as for chromatin) 
with DNase II as described in Materials and Methods. 
An aliquot of each fraction was used to determine 
and 3H radioactivity by double-label scintillation 
counting with correction for spillover. 	Control 
values signify those for chromatin fractions obtained 
In the absence of ONase II. 
Figures given are averages of two determinations. 
1 1ICLI'AR FRA(TTTh 	TOTAL nr!A 	TOTAL POTFT?1 
P1 	 89.6 	 58.6 
. 	
7 0 
CONTROL P1 	 99.0 	 68.1 
CONTROL P2 0.9 6.3 
COMTPIL S? 	 - 	 79.5 
-92- 
Figure 26 
ID-PAGE analysis of fractions of DNase IL-digested nuclei 
Mouse liver nuclei were prepared and digested with DNase II 
(as for chromatin) and the resulting fractions prepared 
for 1D-PAGE as described in Materials and Methods. 
Control fractions are those obtained in the absence of 
DNase II. 
Sample slots: - 
N , 	 total nuclear proteins (200pg) 
NPI, 	fraction P1 proteins (l5Oig) 
NPI (cont), control fraction P1 proteins (140pg) 
NP2, 	fraction P2 proteins (175iiq) 
NP2 (cont), control fraction P2 proteins (175pg) 
NS2, 	fraction S2 proteins (160pg) 
NS2 (cont), control fraction S2 proteins (175iig) 
Aw 
r Pf I 
z. 
their respective control fractions prepared in the 
absence of ONase IT can be considered as evidence for 
the fractionation of the chromatin In nuclei on a protein 
basis. 	Inspection of the gel presented in figure 26 
reveals no such differences. 	These samples were 
furth,r analysed by ID-PAGE. 	The P1 fraction obtained 
by UNase II digestion of nuclei and its corresponding 
control (minus enzyme) P1 fraction are shown in fIgure 27. 
The NHCP protein patterns of these two samples can be 
seen to be identical. 	Some doubling and trebling of 
spots can be seen and this effect is highly reproducible 
between these samples. 
Analyses of the S2 fraction of DNase TI-digested 
nuclei and Its control (minus enzyme) S2 fraction are 
presented in figure 28. 	The NHCP protein pattern 
differs markedly from those of the P1 fractions shown in 
figure 27. 	Much of this difference may lie with the 
proteins of the nucleoplasm as discussed previously. 
When the $2 fraction of UNase IT-digested nuclei Is 
compared to its control (minus enzyme) S2 fraction an 
elongated triple spot can be seen (55-54/75-65) which 
represents ONase II. 	1 major difference is the presence 
of a UHCP spot at 63/35 (arrowed) - this protein was 
also found to be enriched in the 52 fraction of mouse 
liver chromatin (see figure 20). 	A further NHCP 
component which enriched In the $2 fraction of both 
DRase IT - digested mouse liver chromatin and nuclei 
over their respective control fractions is that at position 
56/28 (arrowed) (see also figure 20). 	Thus specific 
-93- 
Figure 27 
2D-PAGE analysis of fractions of DNase It-digested nuclei. 
Mouse liver nuclei were prepared and digested with DNase II 
(as for chromatin) and the resulting fractions prepared 
for 2D-PAGE as described in Materials and Methods. 
Control fractions are those obtained in the absence of 
DNase II. 
S amples: - 
P1, sample load 135ug 
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Figure 28 
2D-PAGE analysis of fractions of Hasse TI-digested nuclei. 
Mouse liver nuclei were prepared and digested with DNase II 
(as for chromatin) and the resulting fractions prepared 
for 20-PAGE as described in Materials and Methods. 
Control fractions are those obtained In the absence of 
DNase II. 
S amplest- 
a ) S2, sample load 160ig total protein 
b) control S2 (minus enzyme), sample load llOpg total protein 
Closed arrows indicate proteins enriched in the S2 fraction.. 
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NHCP components, enriched in the S2 fraction of chromatin, 
are also enriched in the S2 fraction of nuclei over both 
P1 and control S2 fractions. 
The above analyses of the fractions obtained by 
DNase IT digestion of mouse liver nuclei were repeated 
with mouse A9 cell nuclei. 	Firure 29 presents a 10-PAGE 
analysis of the fractions of ONase TI-digested nuclei 
of mouse A9 cells grown in the presence of 35 -methionine 
and 3 H-thymidifle. 	Again no comparison can be made 
between the P1 and 	fractions since the latter contains 
many nucleoplasmic proteins. 	Comparison of each fraction 
with its minus enzyme control shows no differences - 
an identical result to that found for mouse liver nuclei 
(see flaure 2). 	These samples, obtained by DNase II- 
digestion of mouse AQ cell nuclei, were further analysed 
by 20-PAGE. 	The NCHP complements of mouse A9 cell 
nuclei and fraction P1 of UNase TI-digested nuclei are 
shown in floure in. 	Here fraction P1 can he seen to 
contain most of the non-histone protein population of 
nuclei being enriched for some components (e.g. around 
0/60, 	/fO). 	Tn this experiment sufficient material 
was obtained to allow an analysis of the non-histone 
proteins of fraction P2 of ONase TI-digested nuclei 
and the control (minus enzyme) fraction P. 	These 
fractions, shown in figure 11, can be seen to be 
similar although fraction P2 is enriched for several 
spots of high isoelectriC point and for other specific 
spots (e.g. 61/58, 5556/60 	2/7). 	Finally analyses 
of the NHCP of fraction S2 of PHase TI-digested mouse 
-94- 
Figure 29 
ID-PAGE analysis of fractions of PNase TI-digested nuclei. 
Mouse A9 cells were grown in the presence of 35 S-methionlne 
(lii Cl/mi Medium) and 3H-thymidine (lCi/ml medium) for 
48 hr. 	Nuclei were prepared, digested with UNase TI 
(as for chromatin) and the resulting fractions prepared 
for ID-PAGE as described in Platerials and Methods. 
Control fractions are those obtained in the absence of 
DNase II. 
Sample slots:- 
a ) total nuclei; sample load 8 x 10 4 cpr 35 S 
b) P1; N 	8 x 104cpm 35 S 
C) control 	P1; 	N a 	7 x 104 cpm s 
d) P2; 	a N 	3 x 10 4 cpm 35 S 
 control 	P2; 
N 	6 x 103cpm 
35 S 
 S2; 	0 X 105cpm 
35 
 control 	S2 N 	1.2 x 105cpm 
35 
Exposure time 3 days. 	Fluorography as described In 
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Figure 30 
2D-PAGE analysis of nuclei and of fraction P1 of DNase II 
digested nuclei. 
Mouse A9 cells were grown in the presence of 35 S-methlonine 
(liiCi/ml medium) and 3H-thymidine (I)Xi/ml medium) for 
48 hr. 	Nuclei were prepared and digested with ONase II 
(as for chromatin) as described In Materials and Methods. 
Nuclei and the resulting fraction P1 were prepared for 
2D-PAGE as described in Materials and Methods. 
nuclei; sample load 2 x 10 5cpm 35 S. 21 day exposure. 



























2D-PAGE analysis of fractions of DNase TI-diqested nuclei. 
P!ouse A9 cells were grown in the presence of 35 5-,nethlonine 
(hiC1/ml medium) and 3 H-thymidtne (lCi/ml medium) for 
48 hr. 	Nuclei were prepared, digested with DNase II 
(as for chromatin) and the resulting fractions prepared 
for 2D-PAGE as described in Materials and Methods. 
Control fractions are those obtained in the absence 
of DNase II. 
 P2, 	sample load 	7.5 	x 
10
4 cpm 35 S. 80 day exposure. 
 control 	P2 (-enzyme), sample load 1.5 	x 104cpm 35• 
80 day exposure. 
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A9 cell nuclei and its respective control (minus enzyme) 
S2 fraction are presented in figure 32. 	Although the 
quality of the gel containing fraction S2 is somewhat 
reduced several differences can be detected between 
these samples. 	Fraction S2 of DNase 11-digested 
chromatin is enriched for several spots in the range 
58-64/40 and below. 	There is also an apparent increase 
in the amount of radioactivity in the 52-57/50-60 area 
(arrowed), which corresponds to a similar increase 
seen In this region in the S2 fraction of DNase II-
digested mouse A9 cell chromatin both by 1D- and 2D-PAGE. 
The S2 fraction of DNase TI-digested nuclei may also be 
depleted of NHCP spots at 64/65, 63/65 and 57/85. 
Several general conclusions may be drawn from this 
series of experiments. 	An enrichment for specific 
NHCP components has been demonstrated both by 1D-PAGE 
and 2D-PAGE in the S2 fraction of DNase II-digested 
chromatins. 	This enrichment has been shown to be 
relative both to the amount of these proteins in the P1 
fraction of these chromatins and to the amount; of these 
proteins released from chromatin in the absence of 
enzyme treatment. 	No redistribution of proteins could 
be detected during the digestion procedure ;uggestlng 
that these differences in NHCP are not artelactual. 
Furthermore these differences could also be detected 
in the DNase-II digestion of intact nuclei indicating 
that the results are not an artefact produced when 
chromatin is isolated from nuclei. 	It is unlikely that 
these results are due to differential proo'ysis because 
-95- 
Figure 32 
2D-PAGE analyses of fractions of ONase II-diciested nuclei. 
Mouse A9 cells were grown in the presence of 35 S-methionine 
(lpCi/ml medium) and 3 H-thynidlne (lpCi/ml medium) for 
48 hr. 	Nuclei were prepared, digested with ONase II and 
the resulting fractions prepared for 20-PAGE as described 
in Materials and Methods. 	Control fractions are those 
obtained in the absence of DNase II. 
S2, sample load 1 x 10 5 cpm 	S. 	21 day exposure. 
control S2 (-enzyme), sample load 1.2 x 10 5 cpm 35 S. 
21 day exposure. 
Closed arrow indicates proteins enriched In the S2 fraction. 
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the high reproducibility of the two-dtmensicnal gels, 
the digestions took place under ionic conditions under 
which chromatin proteases have been reported minimally 
active (Bartley and Chalkley, 1970; Carter and Chae, 
1 976) c) the protease inhibitor P1SF was included in the 
digestion solution and in subsequent dialyses in the 
preparation of samples for electrophoresis and d) chromatin 
and fractions of chromatin were maintained at 4 0 C, except 
for the 5 mm. during which the digestion took place 
at 24 ° C. 	Thus the S2 fraction of ONase TI-digested 
chromatin which corresponds to that fraction shown by 
Gottesfeld et al. 	(1974) to be enriched far unique DNA 
sequences coding for proteins is enriched for specific 
non-histone chromatin proteins. 
While, to my knowledge, no similar 2P-PAGE analyses 
of the ?IIICP of fractionated chromatin have been reported, 
these results may be directly compared with those of 
others who have used Oflase II to fractionate chromatin. 
In this study fraction S2 of mouse liver chroTratin was 
found by 10-PAGE to show Increased amounts of specific 
NHCP components of molecular weight range 45-E0,000. 	In 
the 20-PAGE analyses of mouse liver chromatin specific 
P4HCP spots of molecular weight 29,000, 35 9 000 and 55 9 000 
are enriched in the S2 fraction. 	The above molecular 
weight bands seen in the 10-PAGE analysis are not seen 
in the 20-PACE analysis - tI se proteins may have 
isoelectric points outwith the range of the p11 gradient 
of the isoelectric focusing gels. 	Those NHCI' found 
enriched in the 21)-PAGE analysis of fractionated chromatin 
-96- 
were also found enriched in the 2D-PACE analy;is of 
fractionated nuclei. 
In mouse A9 cell chromatin digested with UNase II, 
NHCP of molecular weight range 50-60,000 were found to 
be increased in amount in the 52 fraction by both 
ID-PAGE and 20-PAGE analyses. 	This enrichment was also 
found in analyses of the NHCP of fractions of DNase IT-  
digested nuclei. 
Similar enrichments have been reported by other workers. 
The 52 fraction of rat liver chromatin digested with 
DUase II was found to be enriched for 1111CP corponents of 
approximate molecular weiqt. 4000 y 10-PAGE (Gottesfeid 
et al., 1974). 	This nay correspond to the errichment 
for NHCP of approximate molecular weight 45,OCO observed 
y 10-PAGE in the present study of rouse liver chromatin. 
The S2 fraction of DNAse TI-digested chromatir, from 
Friend Erythroleukaemia cells also contains prominent 
protein bands at molecular weight 40,000 as well as at 
68,000 and in the 23-30,000 molecular weight range. 
Similarly by 20-PAGE analysis of mouse liver chromatin 
fractions, in the present work NHCT' of approximate molecular 
weight 60,000, 35,000 and 29,000 were shown to be 
enriched in S2. 
A complete analysis of the histones vas lot carried 
out in the work described here but fraction 52 could be 
seen to be lacking in Hi and depleted of th other 
histones. 	Using acid-urea polyacrylamide gel 
e1ectroporeis, Cottesfeld et al. (1 0 74) found histone 
Hl absent, and 	histone 1 1 4 LicIleted, in the 52 fraction 
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of DflAse II-digeste. r.t liver chromatin. 	Histone H1 
is also absent from the S2 fraction of Friend E:rythro- 
1 eukeemia cell chromatin (Lau and Ruddon, 1977). 
These findings are consistent with the results of 
experiments which implicate histone Hi in the restriction 
of template activity (Georglev, Amanieva and Kozlov, 
196(1) and condensation of chromatin (Bradbury et al., 1975). 
The analyses of the protein contents of chromatin 
fractions derived by DMase 11 digestion are thus fairly 
consistent between the workers who have used this method. 
Similar results (i.e. enrichment for specific IIHCP and 
absence of histone Hi) have been found by workers who 
fractionated sonicated chromatin by ion-exchar.ge chroma-
tography (Simpson and Polacow, 1973; Reeck, Simpson and 
Sober, 1974). 	other methods have provided a variety of 
results. 	Shearing and gradient centrifugation have 
provided an "active" fractions that is enriched both 
quantitatively and qualitatively In IIHCP and shows 
little differences in histones (Rodriguez anc Becker, 
197)and also an "active" fraction which contains histone 
111 and is deficient in all other histones (DOE?necke and 
McCarthy, 197!). 	Sheared chromatin fraction,ted by 
differential centrifugation has yielded active" fractions 
with a full complement of histones which 'ow specific 
'HCP (Comings and Harris, 1975; Comings et al,, 1977 
or no significant changes In NHCP (Warnecke, I'ru: and 
Harbers, 1973 ). 
These findings may reflect the 	 ict'cds 
used to prepare active and inactive 	r'tin fractions 
... 
and the varying criteria set to judge the validity of 
these methods. 	There Is much evidence to suggest that 
the Dflase II method of Gottesfeld et al. yields a 
valid separation into active and inactive chrcraatin. 
In the studies reported here the NHCP of active and 
inactive chromatin obtained by this method have been 
shown to differ quantitatively and qualitatively. 
The following section will further examine the nature 
of these differences. 
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SECTION III 
Proteins of Nuclear Ribonucleoprotein Complexes nRNP) 
It was pointed out in the introduction that care 
must be exercised in the Interpretation of results of 
experiments designed to examine the NHCP content of 
chromatin In relation to changes in gene transcription. 
Any differences are often assumed to represent alterations 
in regulatory molecules (i.e. NHCP effecting changes 
in gene transcription) but they may represent alterations 
in proteins binding to nascent RNA (i.e. differences as 
a result of changes in gene transcription) and co-isolating 
with chromatin (Pederson, 1974). 	Active chromatin Is, 
by definition, that fraction whose DNA Is being trans-
cribed into RNA. 	As discussed in Section II there are 
problems associated with the adoption of enrichnent in 
nascent RNA as a criterion for an active chromatin 
fraction. 	If a valid fractionation is attained, enrich- 
ment for NHCP in the active fraction might, as above,, 
reflect Increased amounts of proteins binding to nascent 
RNA. 	Thus observed increases in amounts of specific 
proteins in the active fraction of chromatin cannot be 
taken as revealing Increases in specific regulatory or 
structural proteins associated either with the DNA or 
h I $ tones. 
It Is perhaps worthwhile here to reiterate the 
earlier definition of non-histone chromatin proteins given 
In the Introduction, i.e. that the NHCP are those proteins 
associated with chromatin which are not hlstoncs. 
Proteins which bind to chromatin via its RNA (end are not 
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histones) are NHCP by this definition. 	This section 
concerns an attempt to determine whether Le enrichment 
for specific NHCP In active chromatin (derived by DNase II 
digestion; Section II) was the result of proteins binding 
to nascent RNA enriched In this fraction. 	For this a 
study of the proteins of isolated nuclear rlbonw:leoproteln 
complexes (nRNP) was undertaken. 	These complexes can be 
isolated essentially free of DNA and have been demonstrated 
to contain rapidly labelled nuclear RNA of heterogeneous 
molecular weight (HnRNA; Georgiev and Samarina, 1971; 
Niessing and Sekeris, 1971; Pederson, 1974; Auenl1cht 
and Lipkin, 1976b).HnRNA must he intimately associated with 
chromatin during its synthesis and several groups have 
recently reported that a considerable proportion of HnRNA 
Is found in chromatin (Monahan and Hall, 1975; Tata and 
Baker, 1975; Augenllcht and Lipkin, 1976b). 	Evidence 
has also been presented that some of the chromatin HnRNA 
Is precursor to HnRNA found free of chromatin In the 
form of nRNP (Augenllcht and Lipkin, 1976b; Monahan and 
Hall, 1975). 	An examination of the proteins of Isolated 
nRNP may thus give some Insight Into the proteins bound 
to chromatin via HnRNA. 	A comparison of the proteins 
of nRNP with the NHCP of the active fraction of chromatin 
might also provide further information on the true nature 
of the NHCP found enriched In this fraction of chromatin. 
In the work for this thesis attempts by various methods 
to prepare iufficient nRNP from mouse liver for analysis 
of their proteins by staining in gels were unsoccessful. 
Other workers have chosen to stimulate transcriptional 
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activity by hormone treatment and label RNA In vivo to 
facilitate nRNP Isolation from liver. 	In the present 
study it was decided to attempt Isolation of nRNI' from 
mouse cells grown in culture rather than induce 
elevated levels of transcription In mouse liver cells. 
Mouse A9 cells were grown in the presence of 0.25Ci/ml 
L3Juridine (3.3 C1/mmole) for 45 mln..(see Materials 
and Methods) to label newly-synthesised RNA. 	The cells 
had previously been exposed to 35S-methlonlne (Materials 
and Methods) in order that proteins obtained could be 
analysed by 20-PAGE and fluorography. 
The first methods used in attempt to Isolate nRNP 
Involved washing the Isolated nuclei in a Tris-saline 
buffer at pH 8 (see Materials and Methods). 	THs procedure 
has been reported to release nRNP from rat liver and 
HeLa cells (Samarina et al., 1968; Albrecht and Van Zyl, 
1973; Beyer et al., 1977). 	The proteins released from 
mouse A9 cell nuclei by this procedure are highly hetero- 
geneous when examined under 20-PAGE (figure 33b. 	When 
compared to those of nuclei (figure 33a) the pH 8 extract 
of nuclei (figure 33b) can be seen to be enriched for 
many non-histone proteins (e.g. at 53/30, 56/101), 62-64/50-60). 
Several prominent non-histone proteins of nuclei are 
absent from the pH 8 extract (e.g. around 52-56/50-70). 
Extensive heterogeneity in similar pH 8 extracts of nuclei 
has been observed by other workers (Monahan and Hall, 1975). 
The p11 8 extract Is obtained under conditions similar to 
those by which a nucleoplasmic fraction may be obtained 
from nuclei (see Materials and Methods); the protein 
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Figure 33 
20-PAGE analysis of non-histone protein of nuclei and 
non-histone protein of p11 8 extract of nuclei. 
Mouse A9 cells were grown in the presence of 
35 
 S-methionine 
(lpCl/ml medium) for 48 hr. 	Nuclei and a pH 8 extract 
of nuclei were prepared as described in Materials and 
Methods. 	Samples from these were prepared as for 2D-PAGE 
as described In Materials and Methods. 
Nuclei, sample load 2 x 10 5cpm, exposure time 32 days. 
pH 8 extract of nuclei, sample load 1.7 x 10 5cpm, 
exposure time 32 days. 
Fluorography as described In Materials and Methods. 
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pattern obtained from the pH 8 extract is more similar 
to that of nucleoplasm (figure 17c) than that of total 
nuclei. 
To ascertain whether the proteins of the pH 3 extract 
do represent proteins of nRNP or whether it contained 
particulate nRNP at all, the pH 8 extract was analysed by 
sucrose gradient centrifugation. 	Free nucleopla:;mic 
proteins should not enter the sucrose gradient; proteins 
complexed with RNA in a particulate (nRNP) structure should 
sediment through the sucrose gradient as a zone with 
characteristic S value. 	No such sedimentation was 
observed Indicating that the pH 8 extract contained no 
Intact nRNP. 	Using rat hepatoma nuclei Albrecht and 
Van Zyl (1973) were also unable to obtain a definite 
particle peak of nRNP In sucrose gradients containing a 
pH 8 extract of nuclei. 	They suggest that ribonucleo- 
protein particles in tumour nuclei are more firmly 
associated with chromatin or less able to pass through the 
nuclear membrane during extraction. 	The mouse A9 cell 
nuclei used for extraction at pH 8 in the present study 
had been treated with Triton X-lOO to remove the nuclear 
membrane. 	The lack of nRNP in the pH 8 extract of nuclei 
in this case may be caused by their firm associaton with 
chromatin. 
An alternative method, use.d by Albrecht and Van Zyl 
(1973) for rat hepatotna cell nuclei, was adopted for the 
preparation of nRNP from mouse A9 cell nuclei. 	This 
consisted of sonicating nuclei in Tris-saline buffer at 
pH 8.0 until all nuclei were judged to be ruptured by phase 
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contrast microscopy and subsequently analysing the  
sonicate in sucrose gradients (see Materials andMethods). 
The resulting distributions of 3 H-RNA and 35 S-protein In 
the sucrose gradient are shown in figure 34. 	A definite 
peak of 3H-cpm can be seen sedimenting in the sucrose 
gradient at about 40S (fractions 8-13); at the same 
position there is an apparent Increase in 35 S-cpm. 	To 
test for association of ii- and 35 S-cpm, fractions 8-13 
were pooled and dialysed overnight against Iris-saline 
buffer (pH 8). 	The fractions were then concentrated 
against polyethylene glycol and re-centrifuged in an 
Identical sucrose gradient. 	The 3H-RNA and 35 S-rotein 
profiles of this second gradient are shown in figure 35. 
The peak of 3H-cpm is not as defined in this gradient - 
this is probably the result of the action of riboiucleases 
during the dialysis and concentration steps. 	However a 
definite peak of 35 S-cpm can be seen associated with the 
3H-cpm peak and little "freed 35 S-cpm remain at the top of 
the gradient. 	This confirms the finding of the first 
sucrose gradient that 35 S-labelled protein is in close 
association with the 3H-pulse labelled RNA. 
Three clear zones of 3H-. and 35 S-radioactivi ty can 
be seen from the first sucrose gradient (figure 34). 
Considerable quantities of both 35 S- and 3H-radioctiv1ty 
can be seen at the top of the sucrose gradient. 	The 
35S-protein in this region will be shown later (figure 39) 
to correspond Closely to that extracted from nuclei by 
Iris-saline buffer at pH 8 (figure 33b). 	The 
radioactivity may represent breakdown of nRNP particles or 
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Figure 34 
Sucrose aradlent centrifuaation of son icated nuclei. 
Mouse A9 cells were grown In the presence of 3 S-meth1onine 
(lCi/n1 medium) for 48 hr. and 3 H-urfdine (0.5pCi/ml 
medium) for 45  mm. 	Nuclei were prepared, sonicated and 
the sonicate centrifuged in 15-30% sucrose gradients as 
described in Piaterials and Methods. 	0,9 ml. fractions 
were collected from the bottom of the tubes, 25il samples 
removed from these and radioactivity estimated (Materials 
and Methods) by double-label scintillation counting with 
correction for spillover. 
3 H-radioactivlty In RNA 
0­6 IS  S-radioactivity in protein 
The peak of 3 H- and 35 S-cpm (fraction 11) was calculated 
as hiving a sedimentation value of 40S from the position 























































Sucrose gradient re-centrifugation of nRNP complexes. 
Fractions (3-13) containing nR'1P of the previous sucrose 
gradient (figure 34) were dialysed overnight against 
0.01M Iris (pH 8.0) 6 0.14M NaCl. 0.001M MgCl 2 , 0.1mM 
PMSF, concentrated to 2 ml. against polyethylene glycol 
and re-centrifuged in 15-30% sucrose gradients 
(Materials and Methods). 	0.9 ml. fractions were 
collected from the bottom of the gradient and radio-
activity estimated (Materials and Methods) by double-
label scintillation counting with correction for 
s pillover. 
3 H-radloactivlty In RNA 
.___ 	35s-radloactivity In protein 
	
• • 	 Counts /min.x1O 	3 H 	. . 
















chromatin-associated RA as a result of sonicatioi or 
ribonuclease action. 	The middle zone of the sucrose 
gradient (fractions 8-13) shows c-aks f Loth 	and 
35 -radioactivity with sedientation value S of  around 
40S. 	This value is similar to those previously reported 
by other workers for nRFIP (Beyer et al., 1977; Pederson, 
1974). 	Some material sedimented through the sucrose 
gradient and was found as a pellet at the bottom of 
the tube. 	This material was found to contain fairly 
large amounts of both 3H- and 35S-cpn (47 and 55 of the 
total activity in the sonicate, respectively). 	Thus 	some 
3H-RNA was not released from chromatin by sonication and 
must therefore represent newly-synthesised RNA in strong 
association with chromatin. 	Kimmel, Sessions and 
MacLeod (1976) have also reported strong association of 
newly-synthesised RNA with chromatin and found this RA 
to remain associated with chromatin after shearing by 
sonication, as determined by sedimentation and equilibrium 
density gradient analyses. 	In one experiment of the 
present study, the chromatin pellet of the sucose gradient 
was suspended in 0.01M Tris (pH 7.5), 5mM M9C1 20  0.1mM 
PMSF and digested for 5 mm. at 37 0C with RNase P at 
lOOi.ig/ml. 	The undigested chromatin was then pelleted 
by centrifugation at 1,500xg for 15 mm. 	By this pro- 
cedure virtually all of the 3H-RNA of the chromatin pellet 
was released into the supernatant along with some protein. 
Five fractions were obtained by the above procedures: a 
top fraction (of the sucrose gradient), a 405 nRPIP fraction, 
a chromatin pellet, a RNase-resistant chromatin pellet 
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and a RNase-released pellet fraction. 
The protein compositions .of the top fraction, 40S 
nRUP fraction and chromatin pellet were analysed by 10-PAGE. 
The fluorogram of the resulting gel is presented in 
figure 36. 	The protein of 40S nRNP Is enriched both 
over the chromatin pellet and top fraction for one major 
band and several minor bands (closed arrows). 	Thus proteins 
in the 30,000-40,000 molecular weight range are enriched 
in this fraction. 	Pederson (1974) found three major 
proteins associated with the nRNP of rat liver within the 
molecular weight range 32,000-40,000. 	Similarly the 
proteins of core 40$ HnRNP particles of FleLa cells, hamster 
fibroblasts and mouse ascites cells have molecular weight 
values in the range 32,000-44,000 (Beyer et al., 1977). 
The 40S nRNP In the present study can be seen to contain 
major bands also seen In both the chromatin pellet and top 
fraction of the sucrose gradient (open arrows). 
The above samples,and the. RNase-resistant chromatin 
pellet and RHase-released pellet fractions, were analysed 
by 20-PAGE. 	Figure 37 presents a 20-PAGE analysis of 
the chromatin pellet (a) and RNase-resistant chromatin 
pellet (b). 	The NhCP analysis of the chromatin pellet 
of the sucrose gradient (figure 37a) is similar to that 
previously seen for mouse A9 cell chromatin (figure 17d 
earlier), this conclusion can also be drawn from 10-PAGE 
analyses (compare figure 36a with figure 29c). 	Several 
spots present In the chromatin pellet (figure 37a) are 
absent or much reduced after treatment of that pellet 
with RNase. 	These proteins constitute those proteins which 
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Figure 36 
1D-PAGE analysis of proteins of sucrose gradient fractions. 
Sucrose gradient chromatin pellet, 405 nRNP peak 
(fractions 8-13) and top fractions (18-24k see figure 34) 
were prepared for 10-PAGE as described in Materials and 
Methods. 
Sample slots:- 
a ) Sucrose gradient pellet; 4 x I04 cpm, exposure time 
7 days. 
Sucrose gradient nRMP; 	x io'cpm, exposure time 
14 days. 
Sucrose gradient top; 2 x 10 4 cpm, exposure time 
14 days. 
Fluorography as described in Materials and Methods. 
a 	a 	b 	b 





2D-PAGE analysis of proteins of sucrose gradient fractions. 
Sucrose gradient chromatin pellet (see figure 34) and 
RNase-resistant chromatin pellet (after RNase digestion - 
Materials and Methods) were prepared for ?D-PACE as 
described in Materials and Methods. 
sucrose gradient pellet; 1.2 x 10 5cpm, exposure time 
32 days. 
sucrose gradient pellet after RNase digestion (i.e. 
RP4ase-resistant pellet fraction); 1 x 10 5cpm, 
exposure time 32 days. 
Fluorography as described In Materials and Methods. 
a 
















are released into the supernatant when the remaining RNA 
of the chromatin pellet is digested with RNase and hence 
are presu,ab1y bound to chrat.in via RHA (see figure 38b 
later). 
The proteins of the RNase-released pellet fraction 
and 405 nRNP fraction are presented In figure 38b and a 
respectively. 	As expected, the proteins of the RNase- 
released pellet fraction (figure 38b) largely correspond 
to those missing from the RHase-resistant chromatin pellet 
(closed arrows; figure 37b). 	The RNase-released pellet 
fraction (figure 3Cb) also contains one major (60175) and 
several minor (61/75, 60/55 and 52/60) protein spots not 
seen in the 2D-PAGE analysis of the proteins of the 405 
nRtP (figure 36a). 	The proteins of the 40S nRfP (figure 
36a) constitute a major subset of those in tie sucrose 
gradient chromatin pellet (figure 37a) - over 10 spots are 
common to both analyses, including two of the major spots 
found in the chromatin pellet (56160, 60/50). 	The 
2D-PAGE analysis of the proteins of the 'top fraction of 
the sucrose gradient, shown in figure 39, shows many 
similarities with those extracted from nuclei with Tris- 
saline buffer at ph 6.0 (figure 33b). 	This sample contains 
all the protein species found In the 405 nRFP sample. 
The most important facet of these studies Is the 
analysis of the proteins of the 405 nRNP. 	By 10-PACE 
analysis the proteins of this fraction were round to be 
enriched for specific bands around 30,000 molecular weight. 
Other proteins were found to be common between the 40S 
nRNP and chromatin pellet fractions. 	In the 20-PAGE 
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Figure 38 
2D-PAGE analysis of proteins of sucrose gradient fractions. 
Sucrose gradient 40S nRNP (fractions 8-13; figure 34) 
and the supernatant of the RHase digestion of the sucrose 
gradient pellet (see Materials and Methods) were prepared 
for 2D-PAGE as described In Materials and Methods. 
a) sucrose gradient nRNP; 1.8 x 10 4 cpm, exposure time 
80 days. 
b ) supernatant after RNase digestion of sucrose gradient 
pellet (i.e. RNase-released pellet fraction); 
2 x 10 4cpm, exposure time 80 days. 
Fluorography as described in Materials and Methods. 
(I) 
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Figure 39 
20-PAGE analysis of proteins of sucrose gradient fractions. 
Sucrose gradient top fractions (8-24, figure 34) were 
prepared for 20-PAGE as described in Materials and Methods. 
Sample load 1 x 10 5cpm, exposure time 32 days. 










analysis of 40S nRNP, one protein spot (open arrow, figure 
38a) can easily be seen to be enriched in this fraction 
when compared to the chromatin pellet (figure 37a). 	This 
protein (30,000 molecular weight) may correspond to the 
major protein found enriched In 40$ nRNP by ID-PAGE. 
It Is possible that the other proteins found enriched 
by ID-PAGE, but which were not found enriched in the 
2D-PAGE analysis, may have isoelectric points above the 
pH range of the isoelectric focusing jei in the first 
dimension of the 2D-PAGE system. 	Beyer et al (1977) have 
found that several of the core proteins of 40S nRNP of 
HeLa cells focused above pH 8 in the isoeie:tric focusing 
dimension. 	The proteins of the 40S nRNP also show 
considerable homology with those released from the chromatin 
pellet by RNase treatment of that pellet, although the 
latter fraction does contain several additional proteins 
not seen in the 40S nFNP fraction. 
All of the proteins of the. 40S nRNP fraction can be 
found both in the chromatin pellet and top fractions of 
the sucrose gradient. 	Similarities with the latter could 
be explained by the existence of pools of these proteins 
in the nucleoplasm or by some degradation of 40$ nRNP 
taking place during isolation. 	The presence of 40S nRNP 
proteins in the chromatin pellet may be due to the proteins 
binding via nascent RNA to chromatin. 	However when the 
nascent RNA of chromatin is almost totally removed from 
chromatin by treatment with RNase, many of the 40S nRNP 
proteins are still found In chromatin. 	This similarity 
between the 40$ nRNP protein composition anc[ a specific 
sub-set of the chromatin proteins could reflect contamination 
of the 40S nRNP fraction with proteins associated with 
DNA In chromatin. 	This seems unlikely for the following 
reasons. 	The proteins Identified In 40S nRNP are a 
sub-set of chromatin proteins; any major contamination 
would tend to result in all the proteins characteristic 
of chromatin being found in the 40S nRNP. 	The apparent 
total absence of histones in the 40S nRNP also argues 
against significant contamination with chromatin. 	The 
similarity between the proteins of the 40S nRNP and those 
released by RNase digestion of te chromatin pellet shows 
that these proteins are present in a RNase labile component 
of chromatin, a property expected of RNP, but not of chromatin. 
A second possibility is that proteins present In both 
40S nRNP and chromatin carry out enzymic functions common 
to both RNA and DNA metabolism e.g. transcription, modification, 
etc. 	Alternatively the proteins could represent structural 
proteins that bind relatively non-specifically to any 
polynucleotides or possibly only to single stranded 
polynucleotides. 
At first sight the similarities between the proteins 
of the 40S nRNP and a subset of those present in the RNase 
treated chromatin pellet appears to be contrary to the 
conclusions drawn by other workers on the basis of 1D-PAGE 
(Augenlicht and Lipkin, 1976,b,c; Pederson, 1974). 	While 
these authors stress the differences between proteins In 
their nRNP and chromatin fractions, careful examination 
of their published photographs of gels shows extensive 
similarities existing in the population of proteins present 
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in these two fractions. 	Thus, while a small number of 
proteins do appear to be specifically enriched in 40S nRNP 
(both in the present study and those of Augenlichtand 
Lipkin and Pederson), the over-riding conclusion Is that 
the majority of proteins are common to both nRNP and 
chromatin. 
The proteins of 40S nRNP and active chromatin may now 
be compared. 	Figure 38a and b shows respectively the 
proteins of 40S nRNP and those released from chromatin 
by treatment with RNase. 	The non-histone proteins of 
the S2, transcriptionally-active, fraction obtained by 
DNase 11 digestion and those obtained in the control S2 
fraction, in the absence of enzyme, are presented in figure 
23a and b respectively. 	The active chromatin fraction is 
very similar In protein composition to the 4DS nRNP. 	A 
major spot at 60/80 and a minor spot at 55/81) are absent 
from the 40S nRNP fraction (figure 38a); however, these 
spots are seen in the RNase-released pellet fraction 
(figure 38b). 	In addition the major protein spots found 
enriched in the S2 fraction over its control (minus enzyme) 
S2 fraction at positions 55-52/50-60 are found both in 
the 40S nRNP fraction and in the RNase-released pellet 
fraction. 	The control (minus enzyme) S2 fraction (figure 
23b) sbows considerable homology with the RNase-released 
pellet fraction (figure 38b) - it is possible that the 
protein release in the absence of DNase II is the result 
of ribonuclease action. 
All of the proteins of 40S nRNP are found in active 
chromatin. 	These proteins may have structural or enzymatic 
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functions common to chromatin and 40S nRNP. 	Alternatively 
much of the non-histone protein complement of active 
chromatin may represent proteins bound to chromatin via 
nascent RNA. 	Further work Is required to distinguish 
between these possibilities. 	The above result, however, 
does indicate that those proteins found to be enriched In 
active chromatin do notnecessarily represent regulatory 
molecules. 	It is possible that, If proteins with 
such a function are present In the NHCP complement of the 
active chromatin fraction, they exist at concentrations 
too low to be detected by the level of resolution attained 
by this polyacrylamide gel system. 
Addendum 
Pederson, T. and Bhorjee, J.S. 	(Biochemistry, N.Y., 14, 
3238-3250 9  1975) have examined, by ID-PAGE, the NHCP of 
template active and inactive HeLa cell chromatin (derived 
by DNase II digestion). 	They find that the NHCP of 
inactive chromatin correspond closely to those of 
unfractionated chromatin while the NHCP of active chromatin 
resemble those complexed with HnRNA In HeLa cells. 	These 
results are in agreement with the results of the higher 
resolution 2D-PAGE analyses described in this thesis. 
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CONCLUDING REMARKS 
The NHCP are a heterogeneous mixture of proteins whose 
functions in chromatin, despite Intensive research, remain 
unclear. 	This study has established a two-dimensional 
polyacrylamide gel electrophoresis system for the analysis 
of the NHCP. 	Using this technique the heterogeneity of 
the NHCP was confirmed, over 100 protein spots being 
found for mouse liver chromatin. 	As far as could be 
detected, little artefactual heterogeneity was Induced. 
The level of resolution attained by 2D-PAGE in the analysis 
of NHCP can be seen to be a great improvement over one-
dimensional techniques and several two-dimensional techniques 
used previously. 	The system used, however, has the 
limitation that only proteins with isoelectric points 
within the range of the pH gradient of the Isoelectric 
focusing gel can be analysed. 	Further work to improve the 
first dimension Isoelectric focusing separation could 
probably overcome this drawback. 
Using 2D-PAGE the NHCP were shown to exhibit extensive 
homology with nucleoplasmic proteins. 	It was concluded 
that the NHCP represents a sub-set of nuclear mn-hlstone 
proteins which are more tightly bound to chromatin. 
A DNase II and salt precipitation method was used to 
fractionate chromatin. 	That fraction which putatively 
contained the transcriptionally-active chromatin was 
enriched for specific NHCP. 	This result was shown unlikely 
to be an artefact of the chromatin preparation or digestion 
procedures used. However the proteins of 405 nRNP contain 
those proteins enriched in active chromatin. 	It is suggested 
-112- 
that the NHCP enriched in active chromatin represent 
proteins binding to chromatin via RNA or structural and 
enzymic proteins common to active chromatin and 40$ nRNP. 
Further work Is required to confirm and extend these 
findings. 	The resolution obtained with two-dimensional 




I wish to thank Dr. C.J. Bostock for his timely advice, 
help and encouragement throughout the course of this work 
and In the writing of this thesis. 
I thank Dr. A.H. Maddy for an Introduction to, and 
many ueeful discussions on, the theory and practice of 
polyacrylamide gel electrophoresis. 
I am indebted to Professor H.J. Evans for providing 
the laboratory facilities and the M.R.C. for a Research 
Studentship Award. 
I also thank Mrs. E. Smit.h for the typing of the 
manuscript and Mr. A. Bruce and colleagues for the 
photography. 
Finally, the help and support I have received from 




Albrecht, C. and Van ZyL I.M. (1973), Expi. Cell Res., 
76, 8-14 
Alifrey, V.G., Littau, V.C. and Mlrsky, A.E. (1963), Proc. 
Natn. Aced. Sd. U.S.A., 49, 414-421 
Arnold, E.A. and Young, I.E. (1972), Biochim. biophys. 
Acta, 257, 42-496 
Augenflcht, L.H. and baserga, R. (1973), Archs blochem. 
Biophys., 158, 89-96 
Augenlicht, L.H. and Lipkin, M. (1976a), Blochem. blophys. 
Res. Commun., 70, 540-544 
Augenlicht, L.H. and Lipkin, M. (1976b), J. biol. Chem., 
251, 2592-2599 
Augenlicht, L.H., McCormick, M. and Lipkin. M. (1976c), 
biochemistry, N.Y., 15, 3818-3823. 
Axel, R., Cedar, H. and Felsenfeld, G. (1973), Proc. natn. 
Aced. Sd. U.S.A., 70 0 2029-203 
Ballal, N.R., Goldberg, D.A. and Busch, H. (1975), blochem. 
biophys. Res. Commun., 62, 972-982 
Banks-Schlegel, S.P., Martin, T.E. ana Hoscona, A.A. (1976), 
Devi. biol., 50, 1-15. 
Barret, T. and Gould, H.J. (1973), Hochim. biophys. Acte., 
294, 165-170 
Barret, 1., Maryanka,D., Hamlyn, P.H. and Gould, H.J. (1974), 
Proc. natn. Acad. Sd. U.S.A., 71, 5057-5061 
Bartley, J. and Chalkley, R. (1970), J. biol. Chem., 245, 
4286-4292 
baserga, R. (1974), Life Sciences, 15, 1057-1061 
Benjamin, W. and Gellhorn, A. (1968), Proc. natn. Aced. 
Sd. U.S.A., 59, 22-268 
I.ercndes, h.D. and keerman, W. (1969), in Handbook of 
Molecular Cytology. Ed. A. Lima-de-Farla. 
Beyer, A.L., Christensen, P4.E., Walker, B.W. and Le Stourgeon, 
W.M. (1977). Cell, 11, 127-138 
Bhorjee, J.S. and Pederson, T. (1972), Proc. natn. Aced. 
Sd. U.S.A., 69, 3345-3349 
Bhorjee, J.S. and Pederson, T. (1976a), Blochim, blophys. 
Acta, 418, 154-159 
Bhorjee, J.S. and Pederson. T. (1976b), Analyt. Blochem., 
71, 393-404 
-115- 
Billing, R.J. and Bonner, J. (1972), Biochim. biophys. Acta, 
281, 453-462 
Bonner, W.M. and Laskey, R.A. (1974), Eur. J. Biochem., 
46, 83-88. 
Borun, T.W. and Stein, G.S. (1972), J. Cell 8101., 52, 
308-315 
Bradbury, E.M., Danby, S.E., Rattle, H.W.E. and Glancotti, V. 
(1975), Eur. J. Blochem.,57, 97-105 
Bull, H.B., Breese, K., Ferguson, G.L. and Swenson, C.A. 
(1964), Archs Blochem., 104, 297-304 
Busch, H., Ballal, PLR., Olson, M.O.J. and Yeoman, L.C. 
(1975), in Methods in Cancer Research XI, 43-121. 
Ed. H. Busch. 
Callan, H.G. (1969), In Handbook of Molecular Cytology. 
Id. A. Lima-de-Faria. 
Carter, D.B. and Chae, C.b. (1976), Biochemistry, N.Y., 
15, 180-185 
Chaucihuri, S. (1973), Blochim. blophys. Acta, 322, 155-165 
Chauveau, J., Moule, Y. and Roulliler, C. (1956), Expi. Cell 
Res., 11, 317-321 
Chen, C.C., Smith, D.L., I3ruegger, B.B., Halpern, R.M. and 
Smith, R.A. (1974), Biochemistry, N.Y., 13, 3785-3789. 
Coffino, P., personal communication. 
Cohen, M.E. and Hamilton, T.H. (1975), Proc. natn. Acad. 
Sd. U.S.A., 72, 4346-4350 
Comings, D.E. and harris, D.C. (1975), Expl. Cell Res., 
96, 161-179 
Comings, D.E. and Harris, D.C. (1976), J. Cell Biol., 70, 
440-452. 
Comings, D.L., Harris, D.C., Okada, T.A. and Holmquist, G. 
(1977), Expl. Cell Res., 105, 349-365. 
Comings, D.E.,and Tack, L.O. (1973), Expl. Cell Res., 82, 
175-191. 	 - 
Conner, B.J., Harris, D.C. and Comings, D.E. (1975), 
Analyt Blochem.., 67, 655-660 
Davidson, E.H. and Britten, P.J. (1973), Q. Rev. Biol.,  
48, 565-613 
de Pomerai, 0.1., Chesterton, C.J. and Butterworth, P.H.W. 
(1974), Eur. J. Biochem., 46, 461-471. 
Doenecke, 0. and McCarthy, B.J. (1975), Biochemistry, N.Y., 
14, 1366-1372 
Doenecke, D. and McCarthy, B.J. (1976), Eur. J. Blochem., 
64, 405-409 
Duerksen, J.D. and McCarthy, B.J. (1971), Liochemistry, 
N.Y., 10, 1471-1478 
Elgin, S.C.R. and Bonner, J. (1970), Biochemistry, N.Y., 
9, 4440-4447 
Elgin, S.C.R. and Conner, J. (1972), Biochemistry, N.Y., 11, 
772-781 
Elgin, S.C.R., Boyd, J.B., Hood, L.E., Wray, W. and Wu, F.C. 
(1974), 	Cold Spring Ilarb. Symp. quant. Biol., XXXVIII, 
821-833 
Elgin, S.C.R. and Weintraub, H. (1975), A. Rev. Blochem., 
44, 725-744 
Engel, E., McGee, B.J. and Harris, H. (1969), J. Cell Sc., 
5, 92-119 
Franke, W.W., Deurnhing, B., Zentgraf, H., Falk, H. and Rae, 
P.M.M. (1973), Expl. Cell Res., 81, 365-392. 
Frenster, J.H. (1965), Nature, Lond., 205, 1341-1342 
Frenster, J.H., Allfrey, V.G. and Mirsky, A.E. (1963), 
Proc. natn. Acad. Sci. U.S.A., 50, 1026-1032 
Garel, A. and Axel, R. (1976), Proc. natn. Acad. Sd. U.S.A., 
73, 3966-3970 
Georgiev, G.P., Amanieva, L.N. and Koslov, J.V. (1966), 
J. Molec. Bid., 22, 365-371 
Gevrgiev, G.P. and Samarina, O.P. (1971), Advances In Cell 
Biology, 2, 47-110. 
Gerner, E.W., Meyn, R.E. and lumphrey, R.M. (197€), J. Cell 
Physiol,, 87, 277-287 
Gilbert, W. and Mueller-Hill, B. (1966), Proc. natn. Acad. 
Sd. U.S.A., 56, 1891-1898 
Giles, K.W. and Meyers, A. (1965), Nature, Lond., 206, 93 
Gilmour, R.S. and Paul, J. (1969), J. molec. Bid., 40, 137-139 
Gilmour, R.S. and Paul, J. (1970), FEBS Lett., 9, 242-244 
Gilmour, R.S. and Paul, J. (1973), Proc. natn. Acad. Sci. 
U.S.A., 70, 3440-3442 
Goldknopf, I.L. and Busch, H. (1975), Biochem. blophys. Res. 
Commun,., 65, 951-960 
Goldknopf, I.L. and Busch, H. (1977), Proc. natn. Acad. 
Sd. U.S.A., 74, 864-868 
Gonzalez, C.A. and Rees, K.R. (1976), Biochim. biophys. 
Acta, 395, 361-372 
Goodwin, G.H. and Johns, E.W. (1973), Eur. J. Biochem., 
40, 215-219 
Goodwin, G.H., Woodhead, L. and Johns, E.W. (1976), FEBS 
Lett., 73, 85-88 
Gottesfeld, J.M., Garrard, W.T., Bagi, G., Wilson, R.F. and 
Bonner, J. (1974) 	Proc. natn. Acad. Sd. U.S.A., 71, 
2193-2197 	 - 
Gottesfeld, J.M., Kent, D., Ross, M. and Bonner, J. (1975) 
in Chromosomal Proteins and their Role In the Regulation 
of Gene Expression. Eds. G.S. Stein and L.J. Kleinsmith 
Gottesfeld, J.M., Murphy, R.F. and Bonner, J. (1975), Proc. 
natn. Acad. Sd. U.S.A., 72, 4404-4408 
Graziano, S.L. and Huang, R.C.C. (1971), Biochemistry, N.Y., 
10, 4770-4777 
Grouse, L., Chilton, M.D. and McCarthy, B.J. (1972), 
Biochemistry, N.Y., 11, 798-805 
Hemminki, K. (1976a), Mol. and Cell. Blochem., 11, 9-15 
Hemminki, K. (1976b), Nuci. Acids Res., 3, 1499-1506 
Hill, R.J., Poccia, D.C. and Doty, P. (1971), J. molec. 
Biol., 61, 445-462 
Huang, R.C.C. and Bonner, J. (1962), Proc. natn. Acad. 
Sd. U.S.A., 48, 1216-1222 
Itzhaki, R.F. (1974), Eur. J. Biochem., 47, 27-33. 
Jackowski, G., Suria, D. and Liew, C.G. (1976), Can. J. 
Biochem., 54, 9-14 
Jackson, R.C. (1976), Biochemistry, N.Y., 15, 5652-5667 
Janowski, M., Nasser, D.S. and McCarthy, B.J. (1972), In 
Fifth Karolinska Symposium on Research Methods In 
Reproductive Endocrinology. Ed. E. Dlczfalusy 
Johns, E.W. and Forrester, S. (1969), Eur. J. Biochem., 
8, 547-551 
Jost, E., Lennox, R. and Harris, H. (1975), J. Cell Sc., 
18, 41-65 
Kadohama, N. and Turkington, R.W. (1974), J. biol. Chem., 
249, 6225-6233 
-118- 
Karn, J., Johnson, E.M., Vidall, C. and Allfrey, V.G. (1974) 
J. biol. Chem., 249, 667-677 
Kimmel, C.B., Sessions, S.K. and Macleod, M.C. (1976), 
J. molec. Biol., 102, 177-191 
Kleinsmith, L.J. (1975), in Chromosomal Proteins and their 
Role in the Regulation of Gene Expression. Eds. G.S. 
Stein and L.J. Kleinsmlth 
Kleinsmith, L.J., Stein, J. and Stein, G.S. (1975), 	In 
Chromosomal Proteins and their Role in the Regulation 
of Gene Expression. 	Eds. G.S. Stein and L.J. Kleinsmith 
Kostraba, N.C., Montagna, R.A. and Wang, T.Y. (1975), 
J. biol. Chem., 250, 1548-1555 
Kostraba, N.C. and Wang, T.Y. (1975), J. biol. Chem., 250, 
8938-8942 	 - 
Krause, P4.0., Kleinsm4th, L.J. and Stein, G.S. (1975), 
Expl. Cell Res., 92, 164-174 
Krieg, P. and Wells, J.R.E. (1976), Biochemistry, N.Y., 
15 9 4549-4558 
Laemmli, U.K. (1970), Nature, Lond., 227, 680-685 
Laird, C.D. (1971), Chromosoma, 32, 378-406 
Laskey, R.A. and Mills, A.D. (1975), Eur. J. Blochem., 56, 
335-341 
Lau, A.F. and Ruddon, R.W. (1977), Expi. Cell Res. 107, 
35-46 
Lea, M.A., Koch, M.R. and Morris, H.P. (1975), Cancer Res., 
35, 1693-1697 
Le Stourgeon, W.M. and Rusch, H. (1973), Archs Biochem. 
Biophys., 155, 144-158 
Liew, C.C. and Chan, P.K. (1976), Proc. natn. Acad. Sd. 
U.S.A., 73, 3458-3462 
Lowry, 0.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. 
(1951), J. biol. Chem., 193, 265-275 
MacCIllivray, A.J. (1976), in Subnuclear Components. 
Ed. G.D. Birnie 
I4acGillivray, A.J., Cameron, A., Krauze, R.J., Rlckwood, D. 
and Paul, J. (1972), Biochim. blophys. Acta, 277, 384-402 
MacGillivray, A.J. and Rickwood, D. (1974), Eur. J. Blochem., 
41, 181-190 
Marks, D.B. and Keller, B.J. (1977), BIochem. biophys. Res. 
Commun., 70, 540-544 
-119- 
Marushige, K. and Bonner, J. (1971), Proc. natn. Acad. Sd. 
U.S.A., 68, 2941-2944 
Marushige, K. and Dixon, G. (1969), Devi. Biol., 19, 397-414 
Matsui, S. (1974), Expi. Cell Res., 88, 88-94 
Matsukuma, S. and Utajoki, T. (1977), Expl. Cell Res., 105, 
217-222 
Miller, O.L. and Beatty, B.B. (1969), Science, N.Y., 164, 
955-957 
Monahan, J.J. and Hall, R.H. (1915), Biochlm. biophys. 
Acta, 383, 40-55 
Mullins Jr., D.W., Girl, C.P. and Smulson, M. (1977), 
Biochemistry, N.Y., 16, 506-513 
Nicolini, C., Ng, S. and Baserga, R. (1975), Proc. natn. 
Acad. Sd. U.S.A.. 72 2361-2365 
Niessing, J. and Seperis, C.E. (1971), Blochlm. blophys. 
Acta, 247, 391-403 
Noll, N., Thomas, J.0. and Kornberg, R.D. (1975), Science, 
N.Y., 187 9 1203-1206 
OsFarrel, P.H. (1975), J. biol. Chem., 250, 4007-4021 
Ohno, S. (1972), Devi. Biol., 27, 131-136 
Ohta, T. and Kimura, N. (1971), Nature: New Biology, Lond., 
233, 118-119 
O'Malley, B.W., Toft, D.O. and Sherman, M.R. (1971), J. 
bid. Chem., 246, 1117-1122 
Oudet, P., Gross-&ellard,M. and Chainbon, P. (1975), Cell, 
4, 281-300 
Pardue, M.L. and Gall, J.G. (1970), Science, N.Y., 168 1 
1356-1358 
Park, W.D., Thrall, C.L., Stein, J.L. and Stein, G.S. 
(1976) 9 FEBS Lett., 62, 226-229 
Paul, I.J. and Duerksen, J.D. (1976a), Blochem. biophys. 
Res. Commun., 66, 97-105 
Paul, I.J. and Duerksen, J.D. (1976b), Archs Biochem. 
Blophys., 174, 491-505 
Paul, J. and Gilmour, R.S. (1968), J. molec. Biol., 34, 305-316 
Paul, J., Gilmour, R.S., Affara, N., Birnie,, G.D., Harrison, P., 
Hell, A., Humphries, S., Windass, J. and Young, B. (1973), 
Cold Spring harb. Symp. quant. Biol., XXXVIII, 885-890 
V) - -  
Paul, J. and Malcolm, S. (1976), Biochemistry, N.Y., 15, 
3510-3515 
Pederson, T. (1974), Proc. nat.n. Acad. Sd. U.S.A., 71, 617-621 
Penman, S. (1966), J. molec. 8101., 17, 117-130 
Peterson, J.L. and McConkey, E.H. (1976), J. biol. Chem., 
251 9 548-554 
Poccia, D.L. and Hinegardner, R.T. (1975), Devi. Biol., 45, 
81-89 	 - 
Reeck, G.R., Simpson, R.T. and Sober, H.A. (1972), Proc. 
natn. Acad. Sd, U.S.A., 69, 2317-2321 
Reeck, G.R., Simpson, R.T. and Sober, H.A. (1974), Eur. J. 
Biochem., 49, 407-414 
Rickwood, D. and Birnie, G.D. (1976), In Subnuclear Components. 
Ed. G.D. Birnie, 
Rlckwood, 0., Hell, A., Malcolm, S., B.irnle, G.D., NacGillivray, 
A.J. and Paul, J. (1974), Blochim. biophys. Acta, 353, 353-361 
Robbins, E. and Borun, T.W. (1967), Proc. natn. Acad. Sd. 
U.S.A., 57, 409-416 
Rodriguez, L.V. and Becker, F.F. (1976a), Archs [iochem. 
Blophys., 173, 428-437 
Rodriguez, L.V. and Becker, F.F. (1976b), Archs Biochem. 
Biophys., 173, 438-447 
Ruiz-Carrillo, A., Waugh, L.J., Littau, V.C. and Alifrey, V.G. 
(1974), J. biol. Chem., 249, 7358-7368 
Samarina, 0.P., Lukanidin, E.M., Molnar, J. and Georglev, G.P. 
(1968), J. molec. bid., 33, 251-253 
Sanders, M.M. and Hsu, J.T. (1977), Biochemistry, N.Y., 16, 
1690-1695 	 - 
Schweiger, A. and Mazur, G. (1975), FEBS Lett., 60, 114-118 
Seale, R.L. (1975), Biochem. biophys. Res. Commun., 63, 140-148 
Sevaijevic, L. (1973), Biochlm. blophys. Acta., 335, 102-108 
Sevaijevic, L. and Stamenkovic, M. (1972), mt. J. Blochem., 
, 525-530 
Shea, M. and Kleinsmlth, L.J. (1973), Blochem. biophys. Res. 
Commun., 50, 473-477 
Silver, L.M. and Elgin, S.C.R. (1976), Proc. natn. Acad. Sd. 
U.S.A., 73, 423-427 
-121- 
Simpson, R.T. and Polacow, I. (1973), Biochem. blophys. 
Res. Commun., 55, 1078-1084 
Simpson, R.T. and Reeck, G.R. (1973), Biochemistry, N.Y., 
12, 3853-3858 
Spalding, J., Kajiwara, K. and Mueller, G.C. (1966), Proc. 
natn. Acad. Sd. U.S.A., 56,. 1335-15.42 
Spelsberg, T.C. et al (1973) - see Wilhelm, Spelsberg and 
HnIlica (1971) 
Spelsberg, T.C., Steggles, A.W. and O'Malley, B.W. (1973), 
J. biol. Chem., 246, 4188-4197 
Stein, G.S. and Baserga, R. (1970), J. biol. Chem., 245, 
6097-6105 	 - 
Stein, G.S. and Baserga, R. (1971), Biochem. biophys. Res. 
Commun., 44, 218-223 
Stein, G.S. and Borun, T.W. (1972), J. Cell Biol., 52, 292-307 
Stein, G.S. and Burtner, D.E. (1974), Expi. Cell Res., 88, 
319-329 
Tashiro, T. and Kurokawa, M. (1975a), Eur. J. Biochem., 
60, 569-577 
Tashiro, T. and Kurokawa, M. (1975b), FEBS Lett., 59, 250-253 
Tata, J.R. and Baker, B. (1975), Expi. Cell Res., 93, 191-201 
Tata, J.R.,Hamllton, M.J. and Cole, R.D. (1972), J. molec. 
Biol., 67, 231-246 
Teng, C.S., Teng, C.T. and Alifrey, V.G. (1971), J. biol. 
Chem., 246,3597-3609 
Tsai, S.Y., Tsai, M.J., Harris, S.E. and O'Malley, B.W. 
(1976), 	J. biol. Chem., 251, 6475-6478 
Tsanev, R., Djonjurov, L. and Ivanova, E. (1974), Expl. Cell 
Res., 84, 137-142 
Turner, G. and Hancock, R. (1974), Blochem. biophys. Res. 
Commun., 58, 437-445 
Umansky, S.R., Zotoca, R.N. and Kovalev, Y.I. (1976), Eur. 
J. Biochem., 65, 503-512 
Lirbanczyk, J. and Studzinski, G.P. (1974), Blochem. blophys. 
Res. Conimun., 59, 616-622 
Wang, T.Y. (1967), J. biol. Chem., 242, 1220-1226 
Warnecke, P., Kruse, K. and Harkers, E. (1973), Biochim. 
biophys. Acta, 331, 295-304 
_l22 - 
Weber, K. and Osborn, M. (1969) 9 J. biol. Chem., 244, 
4406-4412 
qf 	 Weintraub, H. and Groudine, M. (1976), Science, N.Y., 
193, 848-856 
Wilhelm, J.A., Spelsberg, T.C. and Hnllica, L.S. (1971) 9  
Sub-Cell. Biochem., 1, 39-65 
Wilson, E.M. and Spelsberg, T.C. (1973), Biochim. biophys, 
Acta, 322, 145-154 
Wu, F.C., Elgin, S.C.R. and Hood, L.E. (1973), Biochemistry, 
N.Y., 12 0 2792-2797 
Xavier-Wilhelm, F., de Murcia, G.M. and Daune, M.P. 
(1974), Nucl. Acids Res., !. 1043-1057 
Yasmineh, W.G. and Yunis, J.J. (1969), Biochem. blophys. 
Res. Commun., 35, 779-782 
Yeoman, L.C., Taylor, C.W., Jordan, J.J. and Busch, H. 
(1973), Blochem. Biophys, Res. Commun., 53, 1067-1076 
Zubay, G. and Doty, P. (1959). J. moiec. Biol., ! 1-20 
-123- 
